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SUMMARY 


\ 

\ 

A  review  has  been  undertaken  of  the  available  data  on  the  subject  of  the  drag 
of  excrescences  on  aircraft  surfaces.  Information  from  this  review  has  been 
summarized  and  resented  in  a  way  that  is  readily  usable  for  prediction  and 
design  purposes.  The  basic  characteristics  of  boundary  layers  are  discussed 
and,  where  possible,  the  drag  of  excrescences  is  related  to  those  charac¬ 
teristics. 

In  particular,  because  the  size  of  many  types  of  surface  imperfection  is 
small  in  comparison  with  boundary  layer  thicknesses,  the  drag  of  such  im¬ 
perfections  can  be  correlated  in  terms  of  the  properties  cf  inner  regions  of 
the  boundary  layer.  Several  previously  published  analyses  of  this  type  are 
highlighted  and,  where  possible,  extensions  to  other  data  sources  or  other 
types  of  excrescence  are  presented.  The  practical  problems  of  applying  these 
data  in  the  varying  velocity  gradients  existing  on  aircraft  surfaces  are 
treated  and  one  section  is  devoted  to  the  drag  of  auxiliary  air  inlet  and 
exit  openings.  Gaps  in  existing  data  which  offer  opportunities  for  research 
effort  are  pointed  out. 
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1.  INTRODUCTION 


In  the  highly  competitive  field  of  aircraft  development  and  procurement,  aerod¬ 
ynamic  performance  is  frequently  the  outstanding  factor  in  final  decisions.  It  is  very 
important  therefore  for  aerodynamic  designers,  and  for  technical  evaluators,  to  be  able 
to  predict  aircraft  drag  with  the  best  possible  precision.  Relatively  small  advantages 
in  speed  or  in  fuel  consumption  can  contribute  significantly  to  operational  efficiency 
of  transport  aircraft,  and  for  combat  aircraft,  small  margins  in  performance  may  be 
ultimately  decisive.  In  addition  to  these  basic  considerations,  conservation  of  fuel  is 
becoming  a  more  and  more  important  independent  criterion  in  the  design  of  all  types  of 
aircraft. 

Surface  imperfections  have  long  been  recognized  as  a  drag  source  and  numerous 
studies  have  been  devoted  to  quantifying  this  drag  problem.  These  studies  have  been 
approached  in  various  ways  in  the  course  of  aerodynamic  development  with  the  result  that 
information  on  this  subject  exists  in  many  widely  diverse  forms.  Reference  1.1,  first 
published  in  1951,  contains  a  chapter  on  drag  due  to  surface  irregularities  which  is  an 
excellent  collection  of  data  available  (in  later  editions)  up  to  about  1955.  Since  that 
time,  a  greater  understanding  of  boundary  layer  phenomena  and  of  roughness  drag  mecha¬ 
nisms  has  been  developed,  and  through  that  understanding  substantive  generalizations 
have  been  made  possible  in  a  number  of  cases.  Later  experimental  work  has  also  been 
dedicated  to  Mach  number  and  Reynolds  number  regimes  which  are  pertinent  to  modern  air¬ 
craft.  Recent  useful,  if  brief,  reviews  are  provided  in  References  1.5  and  1.6. 

When  proper  attention  is  paid  to  design  and  manufacturing  tolerances,  the  roughness 
drag  of  transport  aircraft  can  be  reduced  to  rather  small  {but  still  significant) 
values.  Drag  attributable  to  this  source  on  the  Lockheed  C-5  airplane  is  estimated  to 
be  approximately  3-1/2%  of  cruise  drag  (Reference  1.2).  At  the  time  the  C-5  was  de¬ 
signed,  it  was  felt  that  the  smoothness  standards  accepted  represented  a  rational 
compromise  of  fabrication  costs  versus  performance  benefits.  As  fuel  costs  continue  to 
rise,  a  reassessment  of  this  question  might  justify  more  stringent  specifications.  On 
smaller  aircraft  the  same  machining  and  assembly  tolerances  of  course  result  in  greater 
relative  roughness,  and  for  fighter  aircraft,  larger  ratios  cf  wetted  area  to  wing  area 
cause  a  further  escalation. 

Reference  1.3  presents  a  detailed  review  of  three  fighter  aircraft  showing  that 
roughness  drag  varied  from  about  10%  to  20%  of  total  drag  at  subsonic  speeds.  When 
considered  in  comparison  with  other  configuration  changes  which  could  cause  the  same 
drag  increment,  this  rouqhness  drag  assumes  rather  large  significance.  It  is  also 
apparent  that,  if  all  other  factors  were  constant,  a  fighter  aircraft  with  roughness  at 
the  low  end  of  this  range  would  enjoy  a  substantial  advantage  over  an  adversary  at  the 
high  end  . 

In  a  paper  presented  in  1967  (Reference  1,4),  Haines  reviewed  the  drag  of  a  number 
of  transport  aircraft.  A  breakdown  of  drag  sources  on  those  aircraft  indicates  contri¬ 
butions  from  surface  imperfections  and  excrescences  varying  from  15%  to  24-1/2%  of 
profile  drag  which  probably  represents  8%  to  12%  of  cruise  drag.  A  detailed  analysis  of 
the  drag  effects  of  excrescences  on  the  VFW  614  aircraft  (a  small  short  range  aircraft) 
in  Reference  1.7  leads  to  a  similar  penalty  of  22%  of  the  profile  drag.  References  1.2, 
1.3,  and  1.4  each  present  details  on  the  specific  roughness  items  which  contribute  to 
this  extraneous  drag.  The  outstanding  indication  from  these  details,  however,  is  the 
fact  that  the  problem  is  all-pervasive.  Roughness  drag  can  be  minimized  only  by 
aggressive  attention  to  details  of  the  surface  condition  of  all  parts  of  the  aircraft. 


The  objective  of  this  work  is,  therefore,  to  provide  up  to  date  information  on  the 
drag  of  surface  imperfections.  Modern  boundary  layer  theory  is  reviewed  to  highlight 
the  phenomena  underlying  drag  due  to  surface  roughnesses  to  provide  an  understanding  oi 
the  mechanisms  of  sucli  drag  increases.  Tne  authors  have  attempted  to  collect  the  best 
available  methods  for  predictton  of  toughness  dt  ag  increments  in  the  light  of  that,  basic 
understand ing . 

It  is  expected  that  this  collectron  or  information  will  be  of  assistance  to  air¬ 
craft  designers  who  must  assess  the  drag  resulting  from  surface  imperfections  and  make 
decisions  on  cost  effective  design  and  manufacturing  standards.  Finally,  it  is  hoped 
that  the  review  presented  here  will  highlight  those  areas  where  data  are  meager  or  lack¬ 
ing  and  will  therefore  provide  the  incentive  for  further  research  and  development. 


1. 1  Hoerner,  S,  F. 

1.2  Paterson,  J.  H. 

Mac  Wrlkenson,  D.  G. 
U  Blackerby,  W.  T, 


1,3  Horton,  E.  A.  u 
Tetervin,  N. 


1.4  Haines,  a.  b. 


1.5  Bertelrud,  A. 


1.6  Bertelrud,  A. 


1.7  Kranczoch,  M. 


REFERENCES 

1958  Fluid  Dynamic  Drag  (2nd  Edition),  pub¬ 
lished  by  the  author. 

1973  A  Survey  of  Drag  Prediction  Techniques 
Applicable  to  Subsonic  and  Transonic 
Aircraft  Design.  AGARD  CP  No.  124  Aero¬ 
dynamic  Drag,  Paper  1. 

1962  Measured  Surface  Defects  on  Typical 
Transonic  Airplanes  and  Analysis  of 
their  Drag  Contribut ion , NASA  TND-1024. 

1967  Subsonic  Aircraft  Drag:  An  Appreciation 
of  Present  Standards.  ARA  Wind  Tunnel 
Note  No.  66. 

1978  A  Literature  Survey  of  Surface  Roughness 
on  the  Drag  of  Subsonic  Aircraft.  ffa 
Tech.  Note  AU-1224. 

197B  A  Practical  Method  for  Predicting  Rough¬ 
ness  Effects  on  Aircraft.  FFA  Tech. 
Note  AU-1413. 

1979  Widerstandsverbesser ungsprogramm  VFW  614 
-  Teil.  Schaderl ichor  Oberflachen- 
widerstanc.  Vereinigte  Flugtechnische 
Werke  -  Fokker. 


3 


f 


2.  BASIC  CHARACTERISTICS  OF  BOUNDARY  LAYERS 

✓ 

2.1  Laminar  >  Turbulent  Boundary  Layers  on  Smooth  Surfaces 

2,1.1  Introductory  Remarks 

In  this  section  we  shall  briefly  review  the  main  features  of  boundary  layers  on 
smooth  surfaces  and  the  associated  theories  since  they  are  an  essential  preliminary  to 
the  consideration  of  the  effects  of  roughness.  We  shall  only  present  the  subject  in 
summary  form  since  it  is  a  vast  one  and  is  well  covered  in  existing  text  books  (see  for 
example  Referer.ces  2.1,  2,2,  2.3,  2.4).  We  shall  largely  confine  the  discussion  to 
two-dimensional  incompressible  flow  but  shall  briefly  indicate  the  extension  of  the 
topics  discussed  to  three-dimensional  and  compressible  flow  where  convenient. 

In  most  engineering  situations  involving  a  body  immersed  in  a  fluid  moving  relative 
to  it  the  Reynolds  number  based  on  the  relative  velocity  and  a  typical  body  length  is 
very  large  compared  with  unity.  In  such  cases  we  can  identify  a  thin  layer  of  fluid 
adjacent  to  the  body  surface  in  which  the  velocity  relative  to  the  body  changes  rapidly 
with  distance  normal  to  the  surface  from  zero  at  the  surface  (the  "no-slip  condition") 
to  the  local  freestroam  velocity  at  the  outer  edge  of  the  layer.  The  layer  is  therefore 
a  region  of  large  rate  of  shear  and  in  consequence  viscous  stresses  can  be  important 
within  it,  but  outside  the  layer  these  stresses  are  generally  negligible  and  the  flow 
behaves  as  if  it  were  inviscid.  This  layer  is  known  as  the  boundary  lay»r. 

Over  some  forward  part  of  the  body  we  find  that  the  flow  in  the  boundary  layer  is 
laminar,  i.e.  the  fluid  particles  follow  smooth  paths.  Then  at  some  stage,  depending  on 
the  pressure  distribution,  the  level  of  free  stream  disturbances  and  the  surface 
condition,  the  flow  in  the  boundary  layer  more  or  less  rapidly  changes  to  turbulent  and 
the  process  of  this  change  is  called  transition.  In  turbulent  flow  the  fluid  particles 
experience  random  variations  in  velocity  magnitude  and  direction  additional  to  their 
mean  motion  and  typically  the  fluctuations  in  velocity  magnitude  can  be  of  the  order  of 
10%  of  the  mean  velocity.  These  fluctuations  introduce  momentum  transport  terms  in  the 
equations  of  motion  additional  to  and  geni  rally  much  larger  than  those  associated 
directly  with  viscosity  and  these  transport  terms  can  be  regarded  as  equivalent  to 
additional  stresses  usually  referred  to  as  Reynolds  stresses  or  eddy  stresses.  Similar 
eddy  transport  terms  arise  in  the  energy  equation. 

If  x  denotes  the  distance  from  the  forward  stagnation  point  along  a  body  surface  in 

the  stcearowise  direction  and  8  denotes  the  boundary  layer  thickness  then  for  a  laminar 

boundary  layer  8/x  a  Rx  ,  where  Rx  ■  VQ  x/w  ,  being  the  undisturbed  main  stream 

velocity  and  v  the  kinematic  viscosity.  If  t  denotes  the  shear  stress  at  the  surface 

w  2 

(or  skin  friction)  then  we  define  the  skin  friction  coefficient  as  c.  =  2t  /pV  ,  where 

-1/7  1  wo 

p  is  the  fluid  density,  and  we  find  that  likewise  cf  a  Ry  '  for  a  laminar  boundary 
layer.  With  the  boundary  layer  turbulent  we  find  that  to  a  good  approximation  8/xaRx  n 
and  a  Rx~n,  where  n  is  about  1/5.  Thus,  for  a  flat  plate  at  zero  incidence  in  a  uni¬ 
form  stream  and  hence  with  zero  pressure  gradient 

8/x  =*  5R*-1/2  ona  Cf  =  0.664  rx”1//2<  with  the  boundary  layer  laminar,  and 
8/x  =*0.37  R  “1//5  and  cf  =*0.06  Rx"1/5,  with  the  boundary  layer  turbulent.  These  figures 
illustrate  how  thin  the  boundary  layer  is  in  most  practical  applications  where  the 
characterist ic  Reynolds  number  is  rarely  less  than  10  and  can  reach  values  of  the  order 

9 

of  10  . 


4 


The  thinness  of  the  boundary  layer  and  the  associated  high  rate  of  shear  are  used 
to  justify  approximations  to  the  equations  of  motion  of  a  viscous  fluid  (the 
Navier-Stokes  equations)  as  well  as  the  equation  of  energy  which  lead  to  the  so-called 
boundary  layer  equations.  In  particular  velocity  and  temperature  gradients  with  respect 
to  x  are  treated  as  small  compared  with  the  gradients  with  respect  to  y,  the  distance 
normal  to  the  surface,  and  this  is  reflected  in  the  relative  magnitudes  of  the 
corresponding  stresses  and  heat  conduction  tetmB.  A  consequence  is  that  the  pressure 
change  across  the  boundary  layer  can  generally  be  neglected.  It  is  also  inferred  that 
the  thin  boundary  layer  displaces  the  external  “inviscid"  flow  outwards  by  a  small 
amount  (the  so-called  "displacement  thickness")  and  hence  slightly  displaces  the 
effective  boundary  of  the  external  flow  from  the  body  surface.  However,  for  many 

purposes  this  weak  interaction  between  boundary  layer  flow  and  external  flow  can  be 
ignored . 

The  above  discussion  relates  strictly  to  unseparated  boundary  layers.  But  in  the 
presence  of  a  strong  enough  streamwise  rise  in  pressure  the  innermost  regions  of  the 
boundary  layer  can  be  so  retarded  as  to  reverse  in  flow  direction  beyond  some  point  and 
then  the  boundary  layer  develops  into  a  separated  shear  layer  moving  away  from  the 
surface  over  an  inner  region  of  upstream  moving  flow.  The  boundary  layer  is  then  said 
to  be  separated ,  and  if  the  external  flow  is  not  time-dependent  the  point  at  the 

surface  where  the  gradient  of  the  streamwise  velocity  component  (u)  with  respect  to  y  is 
zero  is  referred  to  as  the  separation  point.  With  a  separating  boundary  layer  the 
interaction  between  it  and  the  external  flow  can  be  strong,  since  the  separated  boundary 
layer  can  move  a  considerable  distance  from  the  body  and  so  profoundly  modify  the 

effective  shape  of  the  boundary  which  determines  the  external  flow.  Thus,  flow 
separation  from  a  wing  at  high  enough  incidence  is  the  cause  of  the  stall  and  is 

associated  with  a  marked  reduction  of  lift,-  an  increase  of  drag  and  development  of 
pressure  fluctuations  and  buffeting.  The  reversed  flow  plus  the  ir.  er  region  of  the 
separated  shear  layer  comprise  a  relatively  large  scale  eddy  which  tends  to  be  unstable 
and  is  convected  downstream  whilst  it  breaks  up  into  smaller  eddies,  meanwhile  a  new 
eddy  forms  from  the  wing  surface  to  take  its  place  and  so  on.  Hence  the  associated 
pressure  fluctuations  and  buffeting. 

The  streamwise  extent  of  the  region  over  which  the  transition  from  laminar  to 
turbulent  flow  takes  place  depends  strongly  on  the  Reynolds  number.  At  Reynolds  numbers 
less  than  about  10fc  in  terms  of  body  length  the  transition  region  can  be  of  significant 

g 

extent,  but  for  Reynolds  numbers  greater  than  about  2  x  10  it  is  sufficiently  small  to 
be  regarded  as  a  point  (or  line  in  three  dimensions)  referred  to  as  the  transition  point 
(or  line).  Laminar  and  turbulent  boundary  layers  have  very  different  characteristics. 
The  turbulent  boundary  layer  is  fuller  in  velocity  profile,  grows  at  a  faster  rate,  has 
a  greater  frictional  stress  at  the  surface  and  is  much  less  easily  caused  to  separate 
than  the  laminar  boundary  layer.  The  transition  process  is  a  manifestation  of  the 
tendency  to  instability  of  the  laminar  boundary  layer  and  this  tendency  is  enhanced  not 
only  by  increase  of  Reynolds  number  but  by  positive  (adverse)  pressure  gradients  and 
surface  imperfections. 

The  main  effects  of  such  imperfections  and  excrescences  in  general  on  drag  are 
threefold.  Firstly,  they  can  cause  transition  to  occur  upstream  of  its  position  on  a 
smooth  surface,  and  to  that  extent  they  increase  the  drag  because  of  the  greater 
streamwise  extent  of  turbuler.;  boundary  layer  flow.  Secondly,  local  flow  separations 
may  occur  from  the  excresenc.au  which  involve  increased  momentum  losses  and  therefore 
increased  drag.  If  the  excrescences  are  well  immersed  in  the  boundary  layers  the  eddies 
associated  with  these  separations  are  small,  being  of  scale  comparable  to  the 
excrescence  size  and  they  are  then  readily  absorbed  into  the  general  structure  of  tho 
boundary  layer  turbulence.  If  the  excrescences  are  large  in  relation  to  the  boundary 


layer  then  they  will  result  in  correspondingly  large  eddying  wak.es  which  can  strongly 
interact  with  the  external  flow.  Thirdly,  under  conditions  of  strong,  positive  pressure 
gradients  surface  imperfections  and  excrescences  even  when  well  immersed  in  the  boundary 
layer,  may  by  virtue  of  their  effect  on  the  boundary  layer  trigger  an  earlier  flow 

separation  from  the  surface  than  would  occur  if  the  surface  were  smooth. 

2.1.2  Boundary  Layer  Velocity  Profiles  and  Basic  Skin  Friction  Laws 

For  the  attached  laminar  boundary  layer  on  a  surface  with  prescribed  pressure 
distribution  the  velocity  distribution  at  any  streamwise  station  can  be  determined  as 
accurately  as  one  wishes  from  the  boundary  layer  equations  and  prescribed  boundary 

conditions  (see  Section  2.1.3)  since  they  require  no  further  assumptions  for  their 

solution.  The  velocity  profile  on  a  flat  plate  in  a  uniform  pressure  distribution  in 

incompressible  flow  is  illustrated  in  Figure  2.1  where  u/ue  is  plotted  as  a  function  of 
i  =  y/2  y/  ue/v  x ,  uft  is  the  free  stream  velocity  at  the  outer  edge  of  the  boundary 
layer.  It  can  be  approximately,  fitted  by  various  formulae  of  which  the  simplest 
offering  a  tolerably  good  fit  in  terms  of  y/6  is 


u  .  ,n  y, 

v  _,,n  2 


2  (1) 


where  8  is  the  boundary  layer  thickness.  The  thickness  8  cannot  be  defined  exactly 
since  strictly  the  boundary  layer  extends  to  infinity  in  the  y  direction,  but  in 
practice  at  all  but  small  distances  depending  on  the  Reynolds  number  the  difference  in 
velocity  (ue  -  u)  is  small  enough  to  be  neglected.  Thus  we  may  choose  to  define  6  as 
the  value  of  y  for  which  u  =  0.995  ue,  say;  this  provides  a  unique  definition  and  8  is 
then  small  enough  in  relation  to  x  for  the  boundary  layer  assumptions  to  be  seen  to  be 
valid  for  Reynolds  numbers  of  normal  engineering  interest. 


Figure  2,1,  Velocity  Distribution  in  Lominor  Boundary  Layer  on  Flat  Plate  at  Zero 
Incidence  (Blasius  Profile) 


In  the  presence  of  a  negative  (favourable)  pressure  gradient  the  velocity  profile 
is  fuller  than  that  for  zero  pressure  gradient,  whilst  with  a  positive  (adverse) 
pressure  gradient  the  profile  is  less  full  and  develops  a  point  of  inflection.  We  have 
already  noted  that  in  a  sufficiently  strong  adverse  pressure  gradient,  there  can  dev<  lop 
a  reversal  with  separation  of  the  boundary  layer  (see  Figure  2.2). 
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Figure  2.2.  Typical  Velocity  Distributions  for  Laminar  Boundary  Layer  in  Negative 
Zero  and  Positive  Pressure  Gradients 


A  typical  turbulent  boundary  layer  profile  is  much  fuller  than  a  laminar  boundary 
layer  profile  and  consequently  has  a  higher  shear  stress  at  the  surface.  This  is 
because  the  vigorous  mixing  associated  with  the  turbulence  helps  to  even  out  the 
velocity  distribution  across  the  boundary  layer.  Figure  2.3  shows  a  typical  profile  for 
a  turbulent  boundary  layer  on  a  flat  plate  in  zero  pressure  gradient  in  incompressible 
flow  compared  with  that  for  a  laminar  boundary  layer.  Adverse  and  favourable  pressure 
gradients  change  the  profile  in  the  same  sense  as  for  a  laminar  boundary  layer  but  to  a 
much  smaller  degree,  and  it  generally  requires  a  much  greater  pressure  rise  to  cause  a 
turbulent  boundary  layer  to  separate. 


Figure  2.3.  Typical  Velocity  Distributions  for  Laminar  and  Turbulent  Boundary 
Layers  on  a  Flat  Plate  at  Zero  Incidence 


An  empirically  determined  overall 
velocity  profile  in  incompressible  flow 
so-called  power  law:- 

1/n 


=  C 


ca 


approximation  to  a  turbulent  boundary  layer 
in  zero  or  small  pressure  gradients  is  the 

2  (2) 


where  uT  -  (the  friction  velocity)  and  is  a  constant.  The  number  n  is 
usually  taken  as  7  for  a  range  of  Reynolds  numbers  in  terms  of  x  from  about  5  x  105  to 
107,  with  =  8.74.  For  higher  Reynolds  numbers  in  the  range  10®  to  10®  a  closer  fit 
to  experimental  data  is  given  by  n  =  9  with  C1  =  10.6.  From  2(2)  it  follows  that 


2(3) 
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From  equation  2(2)  and  the  use  of  the  mc.itetum  integral  equation  (see  Section 

2.1.3)  one  can  readily  deduce  a  number  of  useful  empirical  relations  between  ?>  ,  cf, 

Cp,  R^,  Rc  ar.d  R^  for  the  basic  case  of  a  flat  plate  at  zero  incidence  in  incompressible 

flow.  Here  C_  is  the  overall  skin  friction  coefficient  for  one  face  of  a  plate  of  chord 
t 

c  (i.e,  Cp  =  i/c/&  cf  d-<>' 

R  »  u  c/  R.  *  u  &/  ,  and  9  is  the  momentum  thickness:- 

C  6  v,  fj  0  * 

6=  J5  JL  (1  -  — )  dy 

O  U  y  7 

e  © 

These  relations  are 


6/x  =0.37  R'1/5  ,  c.  =0.0592  R_,/S  ,Cc=0.074R' 
XT  X  F  c 


c(  =0.026  Rg 


and  f/x  =0.27  R  ~]/6  ,  c.  =0.0375  R  ,  C,  =0.0450  R  ~]/6 
x  f  x  ‘  F  e 


for  n  =  7 


for  n  =  9 


cf  =0.0176  R{ 


Somewhat  closer  and  more  general  approximations  to  experimental  data  for  the  skin 
friction  coefficients  arc  provided  by  the  Prandtl-Schliehting  semi-empirical  relations:- 


cf  =  (2|og,0Rx-0.65)-2-3 
CF  =0.455  (leg ^r2-58' 


These  relations  are  compared  with  the  corresponding  ones  for  a  laminar  boundary 
layer  in  Figure  2.4  &  2.5. 
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Figure  2.4.  -  R  Halations  for  Laminar  and  Turbulent  Boundary  Layers  on  a 

Smooth  Flat  Plate  at  Zero  Incidence 
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Figure  2.5.  Cp  -  Relations  for  Laminar  and  Turbulent  Boundary  Layers  on  a  Smooth 
Flat  Plate  at  Zero  Incidence 


A  detailed  examination  ot  the  struct' .re  of  the  turbulent  boundary  layer  on  a  smooth 
surface  reveals  that  it  can  be  conveniently  regarded  as  made  up  of  three  regions. 
Adjacent  the  surface  there  is  the  viscous  sub-layer  in  which  the  turbulent  fluctuations 
are  relatively  small  and  the  dominant  shear  stress  is  the  purely  viscous  one,  t(  =/*» u/?y, 
which  is  generally  regarded  as  constant  across  the  sub-layer.  This  layer  is  very  thin, 
its  thickness  y(  is  given  by  yt  ut /v  =  0(10)  and  is  of  the  order  of  one  hundredth  of  the 
boundary  layer  thickness.  Above  the  sub-layer  there  is  an  inner  region  of  the  boundary 
layer  about  0.48  in  thickness  in  which  the  turbulence  intensity  is  large,  the  flow  is 
continuously  turbulent  and  the  dominant  shear  stress  is  the  Reynolds  stress,  = 
-p u'v*.  Here,  dashes  denote  the  turbulence  velocity  components,  and  a  bar  denotes  a 
time  mean.  A  wide  spectrum  of  eddy  sizes  and  frequencies  are  present  in  this  region. 
From  about  0.4  8  upwards  there  is  an  outer  region  characterised  by  .large  low  frequency 
eddies.  The  outer  edge  of  the  boundary  layer  therefore  presents  a  convoluted  appearance 
at  any  instant  and  the  smooth  curve  with  which  it  is  normally  represented  is  really  a 
time  mean.  The  turbulence  at  any  point  in  this  outer  region  is  not  continuous  but 
intermittent  reflecting  the  passage  of  large  eddies  with  intervals  of  laminar  flow 
between  them.  We  speak  of  an  intermittency  factor  V  ,  which  is  the  fraction  of  time 
that  hot  wire  measurements  at  a  point  show  the  flow  there  to  be  turbulent,  and 
decreases  from  1.0  at  about  y  =  0.4  8  to  zero  at  about  y  =  1.2  8  (see  Figure  2,6  from 
Ref  rence  2.5).  The  Reynolds  stress  continues  to  be  far  greater  than  the  viscous  stress 
in  the  outer  region  just  as  it  is  j.n  the  inner  region.  It  should  be  emphasised  that  the 
three  regions  merge  into  each  other,  the  boundaries  between  them  cannot  be  identified 
with  any  precision  and  can  change  with  changes  in  external  pressure  distribution  or 
surface  condition. 
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Figure  2,6.  InfermiMency  Factor  P'jrributioa  in  Turbulent  Boundary  Layer  on  Smooth 
Flat  Plate  at  Zero  Incidence  (iOebar.off) 

There  is  an  alternative  if  complementary  way  of  looking  at  the  structure  of  the 
turbulent  boundary  layer.  Within  the  lowest  one-tenth  or  so  of  the  boundary  layer  the 
so-called  law  of  the  wall  holds.  There  it  is  argued  that  the  velocity  distribution  is 
determined  solely  by  the  distance  y  from  the  wall,  the  velocity  uT  (since  the  shear 
stress  is  practically  constant  over  this  region)  and  the  kinematic  viscosity  v  .  The 
presence  of  the  wall  therefore  dominates  the  flow  in  this  region.  Dimensional  reasoning 
then  leads  to  the  relation 


or 


-SL  =  f  pui 

u„ 


u  =f(y"),  where  u  =—  ,  y  =__T 


2  (6) 


and  f  denotes  some  function  to  be  determined.  This  is  the  law  of  the  wall  jn  its  most 
general  form.  In  the  viscous  sub-layer  where  t  =  /uju/jy  =  r  ,  the  law  of  the  wall 
takes  the  particular  simple  form 


+  + 
u  =  y 


2  (7) 


To  determine  the  form  of  the  function  f  in  the  rest  of  the  law  of  the  wall  region 
we  can  appeal  to  a  number,  of  different  turbulence  models  and  associated  processes  of 
reasoning  of  which  the  simplest  if  crudest  is  based  on  the  concept  of  the  turbulence 
mixing  length,  analogous  to  the  mean  free  path  of  molecular  motion.  Thus,  it  is 
postulated  that  there  is  an  average  length  normal  to  the  wall  over  which  a  fluid 
particle  moves  retaining  its  initial  mean  momentum  and  then  it  mixes  with  its 
surrounding  flow.  The  mixing  length  is  assumed  small  compared  with  the  boundary  layer 
thickness.  This  simple  picture  does  not  reflect  in  any  realistic  sense  the  complexities 
of  turbulent  shear  flow  but  it  yields  semi-empirical  relations  of  proven  practical 
value.  It  readily  leads  to  the  result 


— ,  2  du  Su 
t  =-pu'v'  =  pf  r-  r— 
t  dy  Oy 


2  (8) 


where  f  is  a  length  proportional  to  the  mixing  length.  This  can  be  written 


2  (9) 
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where  /it  «  /if  2  |au/ay|  can  be  regarded  as  an  effective  eddy  viscosity  coefficient. 
It  is  however  a  variable  of  the  mean  flow  unlike  the  ordinary  viscosity  coefficient  /l  . 

Two  further  assumptions  are  made.  Firstly,  that  in  the  region  of  the  law  of  the 
wall  (other  than  in  the  viscous  sub-layer) 


f-Ky  2(10) 

where  K  is  a  constant,  the  Von  Karnian  constant,  found  experimentally  to  be  0.4  -  0.41; 
secondly  that  in  this  region  t t  =  t w.  It  can  then  be  readily  deduced  that 

u  =Ut  In  y  +  const 
K 

If,  proceeding  further,  we  take  account  of  the  presence  of  the  viscous  sub-layer,  we 
arrive  at 


+ 

u 


+  . 
y  +  B 


2  OD 


where  B  is  a  constant.  This  is  the  so-called  logarithmic  form  of  the  law  of  the  wall. 

A  different  approach  due  to  Squire  (Reference  2.6)  provides  a  realistic  merging 
with  the  viscous  suh-Jayer.  He  started  with  the  eddy  viscosity  assumption  of  equation 
2(9)  and  on  dimensional  grounds  inferred  that 


=  consi  PuT  (y-yQ) , 

where  y  is  related  to  the  viscous  sub-layer  thickness,  since  it  defines  the  lower 
boundary  of  the  law  of  the  wall  region  in  which  the  eddy  stress  is  dominant.  Further, 
on  dimensional  grounds  it  is  argued  that 


y  =  const  v/u 

'  o  1 


The  total  shear  stress 


T  =  T  +  T  =  +  Li)  au/,  =  T 

t  it  3y  w 


from  which  the  law  of  the  wall  follows  in  the  form 


+ 

u 


+  B,  for  y> yQ 


2  (12) 


n 


Values  of  K  and  B  are  variously  quoted  in  the  experimental  literature,  favoured  values 
of  K  are  0.4  and  0.41  whilst  corresponding  values  of  B  of  5.5  and  5  are  often  quoted. 
These  differing  values  in  part  reflect  experimental  errors  but  there  may  be  some  small 
dependence  of  K  and  B  on  Reynolds  number.  With  K  «  0.4  and  B  ■  5.5,  equation  2(12) 
gives  continuity  for  u+  at  yQ  with  the  viscous  sub-layer  (equation  2(7))  if  uTyQ/v=  7.8, 
whilst  with  K  *  0.41  and  B  =  5.0,  continuity  follows  if  uTy  /v  »  7.17.  Equation  2(12) 
and  equation  2.(11)  are  in  good  agreement  for  y  greater  than  about  30,  whilst  for  values 
of  y  between  about  7  and  30  equation  2(12)  is  in  good  agreement  with  measurements  of 
Reichardt  in  the  buffer  region  between  the  viscous  sub-layer  where  t,  is  the  dominant 
part  of  t  and  the  fully  turbulent  part  of  the  law  of  the  wall  region  wh'  re  it  is 
dominant. 

An  alternative  approach  to  encompass  the  viscous  sub-layer  is  that  adopted  by  Van 
Driest  (Reference  2,7)  who  suggested  that  the  relation  /  *  Ky  should  be  changed  to 


f  =  Ky  -  exp.  (-y+/ AQ)j,  2  (,3) 

the  additional  factor  F  =  11  -  exp.  (-y+/A  )],  is  presumed  to  account  for  the  damping 
effect  on  the  turbulence  as  the  wall  is  approached.  Van  Driest  found  the  constant  Aq 
empirically  to  be  26,  although  the  value  25  is  sometimes  quoted.  The  resulting 
expression  for  u+  is  somewhat  more  complex  than  2(11)  but  tends  to  it  for  y+  greater 
than  about  100  and  to  the  viscous  sub-layer  relation  (equation  2(7))  for  small  y+. 

It  will  be  clear  from  2(11)  that  a  plot  of  u+  against  lny+  (or  log1(jy+)  will  take 
the  form  of  a  straight  line  with  slope  1/K  (or  1/KlnlO)  for  the  law  of  the  wall  region. 
With  a  uniform  external  flow  (zero  pressure  gradient)  this  straight  line  extends  for 
values  of  y+  from  about  30  to  about  500  depending  on  the  Reynolds  number  (see  Figure 
2.7). 


Consistent  with  the  argument  that  the  law  of  the  wall  region  is  independent  of  the 
external  flow  conditions  it  is  found  that  for  an  attached  turbulent  boundary  layer  there 
is  always  a  region  in  which  the  law  of  the  wall  holds  whatever  the  external  pressure 
distribution.  However,  the  relative  extent  of  that  region  diminishes  as  the  external 
pressure  distribution  becomes  increasingly  adverse  and  for  a  boundary  layer  approaching 
separation  it  becomes  difficult  to  identify  a  law  of  the  wall  region  with  any  confidence 
(see  Fiqure  2.7). 

O  ZERO  PRESSURE 
GRADIENT 


Figure  2.7.  Typical  Ploh  >f  u  -  log^y*  for  Different  Pressure  Gradients  on  o 
Smooth  Surface 


Outside  the  law  of  the  wall  region  we  have  the  remainder  of  the  boundary  layer 
(some  90%  of  it  in  thickness).  It  is  argued  that  in  this  region  viscosity  playB  no 
direct  part  and  that  the  velocity  defect  relative  to  the  external  velocity,  ue  -  u,  is 
solely  a  function  of  ut  ,  y,  6  and  some  parameter  characterising  the  streamwise  pressure 
distribution.  With  a  uniform  external  flow  it  is  therefore  interred  that 

=  f  iy/b)  2  (U) 

where  f  is  a  function  to  be  determined  experimentally.  Equation  2(14)  is  well  supported 
by  experimental  data  and  the  function  f  deduced  by  Coles  (Reference  2.8)  is  illustrated 
in  Figure  2.8.  Equation  2(14)  is  referred  to  as  the  velocity  defect  relation. 


A  self-preserving ,  or  equilibrium,  turbulent  boundary  layer  is  defined  as  one  where 
the  velocity  defect  ratio,  (ue-u)/uT  ,  is  the  same  function  of  y/8  for  all  x.  From 
2(14)  it  follows  that  the  case  of  uniform  external  flow  offers  one  example  of  such  a 
boundary  layer,  Clauser  (Reference  2.9)  introduced  the  parameter 


which  is  a  constant  for  self-preserving  boundary  layers  and  is  related  to  H  ■=  & / 8 ,  where 

*  5  .  i  , 

h  is  the  displacement  thickness  »  I  (1  -  )dy,  by  the  relation 

*  o  e 

a  -  ue  2  (If 

Clauser  (Reference  2.10)  also  demonstrated  that  boundary  layers  which  were  very  close  to 
self-preserving  resulted  when  the  pressure  gradient  parameter 

6  --SL*  2  (17 

D  T  dx 

r  w 

is  constant. 
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Figure  2.8.  Velocity  Defect  Relation  for  Smooth  Flat  Plate  at  Zero  Incidence  as  Derived  by  Coles 
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Coles  (Reference  2.11)  proposed  on  the  basis  of  his  analysis  of  a  considerable  body  of 
data  for  turbulent  boundary  layers  in  non-unifornt  external  pressure  distributions  that 


u+=y  !ny++B+'yr^  w(y,/6) 


2  (18) 


We  see  that  the  third  term  on  the  right  describes  the  deviation  with  y  of  the  velocity 
profile  from  the  law  of  the  wall.  The  function  w(y/{)  is  such  that  w(0)  «  0  and  w(l)  «  2 
and  it  is  very  similar  to  the  normalised  velocity  distribution  typical  of  a  half  wake. 
Equation  2(18)  is  therefore  generally  referred  to  as  the  law  of  the  wake.  The  basic 
concept  is  that  away  from  the  wall  the  boundary  layer  tends  to  develop  as  if  it  were 
part  of  a  wake  but  it  is  modified  by  the  presence  of  the  wall.  The  function  w(y/6  )  was 
determined  empirically  by  Coles  but  s  close  fit  is 


w(y/»)  =2Sin2  (y  -£)  =  1  -  Cos  (%-) 


2  (19) 


Putting  y  =  S  in  2(18)  it  follows  that 


-¥-‘] 


2  (20) 


where  8  =  S  uT  /v  ,  so  that  I]  (x)  can  be  determined  at  any  station  x  given  uT  and 
5.  We  can  regard  II  (x)  as  a  scaling  factor  determined  by  the  external  pressure  distri¬ 
bution  . 

It  can  be  shown  that  II (x)  is  a  function  of  the  Clauser  parameter  G  so  that  it  is 
constant  for  self-preserv ir.g  boundary  layers.  With  zero  pressure  gradient  II  =*  0.55 
for  values  of  R^  greater  than  about  5000. 

Reverting  to  the  law  of  the  wall  region  we  note  that  if  we  multiply  both  sides  of 
2(11)  by  uT  /u  we  get 


-°-  In  -~T  In  ^ 


If  we  now  write  the  local  skin  friction  coefficient,  as 


cfe  =  2Tv/P°e2  =  2(uT  /ue)2 


or 


u-r/u.  =  (=fa/2) 


1/2 


then  it  follows  that 


HWh V?j 


2  (21) 
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Hence,  a  family  of  curves  can  be  plotted  of  u/ufi  against  lntu^y/v)  each  corresponding  to 
a  specified  value  of  c^.  Once  plotted,  such  a  chart  can  be  compared  with  measurements 
made  in  the  law  of  the  wall  region  of  u/ug  as  a  function  of  ugy/v  and  the  corresponding 
value  of  the  skin  friction  coefficient  c^  can  be  deduced.  This  method  of  determining 
c^e  is  referred  to  as  the  Clauser  plot  method  since  Clauser  first  suggested  it 
(Reference  2.9 ) . 

We  can  use  equation  2(9)  to  determine,  from  measurements  for  which  is  known, 
the  distribution  of  the  eddy  viscosity  p  ^  across  the  boundary  layer.  It  is  found  to 
rise  to  a  maximum  with  y/fi  up  to  y/8  =*  0.3  and  then  it  falls  slowly.  Further 


vV*D=f(y/ft) 


2  (22) 


where  the  function  f  is  found  to  be  practically  the  same  for  all  self-preserving  flows. 
Indeed  outside  the  law  of  the  wall  region  the  function  f  is  approximately  proportional 
to  y  ,  the  intermittency  function,  so  that 


v  =  u  /p  =  0.0168  u  ^'V 

i  >  e 


2  (23) 


Likewise,  equation  2(8)  can  be  used  to  determine  experimentally  the  distribution  of 
the  length  i  across  a  boundary  layer.  Within  the  logarithmic  law  of  the  wall  region  we 
find  as  expected  $/*)  —  K(y/r>  } ,  but  outside  that  region  //$  tends  to  a  constant  value 
of  about  0,08  to  0.09  for  self-preserving  boundary  layers.  A  commonly  used  formula  is 


t,/b  =  Q.085  tcinh  ( 


0.085 


*> 


2  (24) 


2.1,3  The  Boundary  Layer  Equations 

In  this  section,-  it  is  convenient  to  include  the  terms  arising  from 
compressibility,  so  that  p  and  /jl  are  variables. 

with  the  boundary  layer  approximations  referred  to  in  Section  2,1,1  the  mean 
equations  of  continuity,  motion  and  energy  for  a  viscous  fluid  in  two  dimensions,  with 
the  flow  at  infinity  steady,  become 


lx (pu)  +h (pv)  =° 


_  Du  „ ,  du  du,  _  dp 
P  57  "  P  ^  r£  vd^)-“dx  3y  ' 


2  (2  51 
2  (26) 


where 


T  =  p  bu^  ,  for  laminar  flow, 
3y 


=  pbu  -Pu'v1,  for  turbulent  flow, 

by 


+  u 


i e 

dx 
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where  q  =  k  3T  ,  for  laminar  flow, 

3y 

=  k  3T  -  pv  'b',  for  turbulent  flow. 

3y 

Here,  a,v  are  the  mean  velocity  components  in  the  streamwiae  direction  parallel  to  the 
surface  (x)  and  normal  to  the  surface  <y),  respectively,  T  is  the  mean  temperature,  h  is 
the  mean  enthalpy  per  unit  mass  (  ur  /  CpdT),  k  is  the  coefficient  of  conductivity  and 
like  is  a  variable  in  compressible  flow,  dashes  denote  turbulence  fluctuations  and  a 
bar  denotes  a  mean  value  i.e.  an  average  taken  over  a  period  that  is  long  compared  with 
that  typical  of  the  turbulence  fluctuations. 

An  alternative  to  2(27)  can  be  obtained  by  adding  it  to  u  x  equation  2(26)  whence 
we  get 


Dh  3  h 

p  or  =p<u3; 


+  V 


_3_  (q  +  UT) 
3y  3y 


2  (28) 


2 

where  hT  =  h  +  (u  /2 )  and  is  sometimes  called  the 
The  boundary  conditions  are:- 


total  enthalpy  per  unit  mass. 


y  =  0,  u  =  v  =  0,  T  or  3T/3y  are  specified, 
y  =  “(or  5),  U  =ue(x),  T  =  T^x). 


The  momentum  integral  equation  can  be  obtained  by  integrating  equation  2(26)  with 
respect  to  y  from  the  surface  to  beyond  the  edge  of  the  boundary  layer.  It  can  be 
expressed  for  a  perfect  gas  in  the  form  (see  Reference  2.1):- 


where  now 


dG  fl  du 

—  +  —  —e 

dx  u  dx 
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[H+2-Mc2]  =^~2  , 
e  e 

'•£?„  £  0-fu)dy,H  =  6*/e 


2  (29} 


and  Me  is  the  local  free  stream  Mach  number.  Equation  2(29)  is  applicable  to  both 
laminar  and  turbulent  boundary  layers. 


A  kinetic  energy  integral  equation  can  be  obtained  by  multiplying  equation  2(26)  by 
u  and  then  integrating  with  respect  to  y  across  the  boundary  layer.  This  takes  the  form 
for  a  perfect  gas:- 


d  6C  6.  du 

—  F  +  t  ® 

dx  u  dx 

*  2 


3  +  2r^  -  M  “ 
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PE  *  . 

Pu  2  J 

6  3u  , 

T  —  dy 
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Here 


^  =  /q  P»  (1 - -  )  dy,  (the  kinetic  energy  thickneis) 


P  u 

e  e  e 


~  r  ( - I)  dy,  (the  enthalpy  thickness). 

"  Jq  P  u  h 


2  (20) 


In  incompressible  flow 


6h=o 


1(1 


2.1.4  Prediction  Methods  (Two-Dimensional  Incompressible  Flow) 

The  laminar  boundary  layer  equations  are  complete  in  themselves  and  require  no 
additional  relations  for  their  solution,  and  they  can  be  solved  to  any  required  accuracy 
given  adequate  computer  capacity.  However  approximate  methods  have  boon  developed  that 
are  quick  and  simple  to  use  and  these  are  essentially  based  on  the  solution  of  the 
momentum  integral  equation  (equation  2(29!).  They  are  well  covered  in  many  existing 
text  books  (see,  for  example,  References  2.1  and  2.2)  arid  need  not  be  considered  further 
here.  At  transition  the  momentum  thickness  0  is  assumed  continuous. 

In  contrast  the  turbulent  boundary  layer  equations  are  not  complete  in  themselves 
since  rhe  turbulence  quantities  are  unknown  and  additional  relations  (so  called  closure 
relations)  are  required  linking  these  quantities  with  the  mean  flow  to  solve  the 
boundary  layer  equations.  In  the  absence  of  a  thorough  understanding  of  the  physics  of 
turbulence  these  closure  relations  must  be  empirically  based  and  as  such  their  validity 
range  cannot  be  confidently  assessed. 

We  can  classify  the  existing  methods  for  providing  the  development  of  tutbulent 
boundary  layers  with  specified  external  velocity  distributions  as  either  integra 1  or 
differential . 


Integral  methods  have  been  developed  since  the  earliest  days  of  boundary  layer 
theory.  They  generally  involve  the  solution  of  equation  2(29)  coupled  with  two 
additional  and  empirically  based  relations  between  *y  ,  H,  and  t  .  Such  a  solution 
leads  to  overall  quantities  such  as  8  ,  8*  and  c^,  which  for  many  engineering 
requirements  are  all  that  is  needed,  but  such  methods  do  not  provide  details  of  the  flow 
e.g.  velocity  and  shear  stress  distributions.  The  auxiliary  relations  used  have  ranged 
from  the  simple  assumptions  of  H  =  constant  plus  the  local,  use  of  zero  pressure  gradient 
power  law  relations  (e.g.  equations  2(4))  to  empirically  determined  equations  for  dH/dx 
plus  the  Ludwieg-Tillmann  relation  (Reference  2.12) 


C,  =llw  „ 0.244  R  -0-268  ^.678H 

fg  Pu  2  8 

6 


2  (31) 


The  resulting  integration  of  the  momentum  integral  equation  yields  the  momentum 
thickness  6  in  the  form  of  a  simple  quadrature  with  good  accuracy  irrespective  of  the 
particular  auxiliary  relations  used.  However,  the  determination  of  8*  (or  H)  and 
depends  more  sensitively  on  these  relations  and  can  justify  the  use  of  the  more  complex 
ones.  Amongst  the  most  effective  of  such  relations  is  the  entrainment  equation  of  Head 
(Reference  2.13).  This  is  based  on  the  argument  that  the  rate  of  entrainment  of  fluid 
into  the  boundary  layer  is  a  function  of  the  velocity  profile  in  the  outer  part  of  the 
boundary  layer.  This  leads  to  a  relation  of  the  form 


dT  (ue  8H1>  =ue  2  02) 

where  H^  =  (  fi  -8*)/0  ,  and  F(H^)  is  an  empirically  determined  function.  Further,  by 
making  the  assumption  common  to  almost  all  integral  methods  that  the  velocity  profiles 
in  a  turbulent  boundary  layer  can  be  regarded  as  uni-parametric,  and  if  we  take  the 
parameter  as  H,  then 
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=  G (H ) ,  say, 

where  G(H)  can  also  be  determined  empirically  (approximately  G  ( H )  =  2H/(H-1)).  The 
required  auxiliary  relation  then  follows.  The  assumption  that  the  boundary  layer  is 
uni-parametric  is  equivalent  to  assuming  near-equilibrium  and  Head  a  Patel  subsequently 
modified  the  method  to  include  the  effects  of  non-equilibrium  (Reference  2.14). 

The  kinetic  energy  integral  equation  (equation  2(30))  can  also  be  used  to  provide 
an  auxiliary  relation  and  reference  should  be  made  to  the  method  of  Truckenbrodt  in 
which  this  equation  plays  a  central  part.  (See  References  2.1,  2.15  and  2.16). 

The  successful  development  of  differential  methods  has  taken  place  within  the  last 
decade  and  a  half  and  started  with  a  now  classical  paper  by  Bradshaw  et  al  (Reference 
2,17).  They  involve  the  direct  numerical  solution  of  the  equations  of  motion  (and  of 
energy  for  compressible  flow).  To  solve  the  equation  of  motion  we  must  relate  in  some 
way  the  unknown  Reynolds  stress  t«  -pu'v'  to  the  mean  motion.  This  can  be  done  by 
making  use  of  the  eddy  viscosity  concept  coupled  with  a  relation  such  as  equation  2(23), 
or  the  mixing  length  concept  coupled  with  a  relation  such  as  equation  2(24),  (see  for 
example  References  2.18  and  2.19).  Alternatively,  or  additionally,  use  can  be  made  of 
one  or  more  transport  equations  for  turbulence  quantities,  e.g.  Reynolds  stress, 
turbulence  kinetic  energy  or  turbulence  dissipation  rate  (see  for  example,  References 
2.20  and  2.21).  With  such  relations  the  closure  cannot  be  completed  without  additional 
assumptions  based  on  the  available  experimental  data,  The  complexity  of  the 
calculations  rapidly  increases  with  the  number  of  equations  involved  and  the  required 
input  of  initial  conditions  correspondingly  increases. 

This  complexity  must  be  weighed  against  the  considerable  amount  of  detailed 
information,  e.g.  mean  velocity  profiles,  shear  stress  profiles,  turb  ence  intensities 
that  can  be  predicted  by  such  methods.  To  illustrate  the  complexity  the  following  is 
the  transport  equation  for  the  Reynolds  stress  -u'v'  in  two  dimensional  incompressible 
flow,  as  derived  from  th“  Navier-Stokes  equations  and  then  simplified  by  the  usual 
boundary  layer  approximations. 


Df(_u  v)  =(^  +U~.+VTJ  C-u 
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2  (33) 


The  left  hand  side  is  the  rate  of  change  of  -u’v'  for  a  fluid  particle,  the  first  term 
on  the  right  hand  side  is  the  rate  of  generation  by  mean  shear,  the  second  is  the 
pressure-strain  term  and  represents  the  tendency  of  pressure  fluctuations  to  make  the 
turbulence  more  isotropic,  the  third  term  arises  from  diffusion  normal  to  the  wall,  and 
the  fourth  term  represents  viscous  dissipation  effects  which  are  due  to  viscous  action  on 
the  smaller  eddies.  The  terms  involving  the  pressure  fluctuations  present  great 
difficulty  in  approximating  to  them  by  suitable  empirical  approximations  since  they  are 
not  direct.’y  measurable.  Likewise,  the  corresponding  transport  equation  for  the 
turbulence  kinetic  energy  per  unit  mass  kf  =  -  (u'2  +  v'2  +  w'2)  is 
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in  tensor  notation.  Again 


3u' ,  auv  2 

where  €  is  the  dissipation  rate  term  =  1/2  v  (  — —  +— — -1)  , 

3  Xj  o  x  ^ 

the  pressure  fluctuation  term  presents  the  greatest  problem  for  acceptable  modeling. 

A  third  transport  equation  that  is  also  sometimes  invoked  is  that  for  t  .  This 
need  not  be  reproduced  here  but  it  likewise  includes  terms  involving  p’  as  well  as 
gradients  of  the  turbulence  components  which  call  for  a  delicate  combination  of  skill 
and  faith  to  model  them  by  empirical  relations  of  acceptable  simplicity  and  reliability. 

Bradshaw's  method  (Reference  2.17)  still  remains  one  of  the  most  successful.  He 
converted  the  equation  for  kt  (equation  2(34))  into  one  for  -u'v'  by  making  use  of  the 
experimental  observation  that  their  ratio  is  nearly  constant  i.e. 


-u  v 

k. 


=  2a  j ,  where  a  j  =  0 . 15 . 
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Further,  he  introduced  a  length 
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and  he  argued  that  L  and  could  be  regarded  as  functions  of  y/6  only,  which  he 

determined  from  experimental  data.  He  then  solved  numerically  the  combination  of  the 
equations  of  continuity,  momentum  and  the  modified  turbulence  energy  equation  with 
boundary  conditions  determined  close  to  the  wall  by  assuming  that  the  law  of  the  wall 
holds  there. 


Later  workers  such  as  Launder  and  his  colleagues  (References  2.20  and  2.21)  have 
simplified  the  transport  equations  for  kt  and  e  by  making  use  of  similar  empiricisms  to 
those  of  Bradshaw  and  solved  them  in  combination  with  the  mean  flow  equations  with  the 
use  of  some  empirically  determined  constants. 

No  one  method  has  established  itself  as  clearly  superior  to  the  others.  Accuracy 
does  not  necessarily  increase  with  complexity  and  for  many  engineering  purposes  the 
simpler  methods  (whether  integral  or  differential)  are  quite  adequate  as  well  as 
relatively  economic  in  computing  time.  Interesting  survey  papers  are  to  be  found  in 
Reference  2.22. 


2,1,5  Extension  to  Compressible  Flow  and  Three  Dimensions 

The  extension  to  compressible  flow  of  prediction  methods  developed  for 
incompressible  flow  is  frequently  achieved  by  suitable  transformation  of  the  main 
equations  (which  must  now  include  the  energy  equation)  so  that  they  become  similar  in 
form  to  the  corresponding  equations  in  incompressible  flow.  The  methods  of  solution 
already  developed  for  the  latter  can  then  be  adapted  to  the  former.  A  complicating 
factor  is  the  important  part  played  by  the  thermal  boundary  conditions  at  the  surface. 
Such  processes  are,  however,  not  without  simplifying  assumptions  whose  validity  can  only 
be  tested  by  comparison  with  experiment.  Reference  2.23  is  a  classic  of  this  approach. 

Another  approach  of  appealiing  simplicity  is  the  use  of  the  so-called  mean 
temperature  (or  enthalpy)  method.  This  is  based  on  the  hypothesis  that  the  results  of 
incompressible  flow  apply  if  the  values  of  density  and  viscosity  are  taken  at  a 
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reference  temperature,  T  ,  which  is  some  mean  temperature  in  the  boundary  layer,  the 

formula  for  which  is  determined  empirically.  Sommer  and  Short  (Reference  2.24),  for 

example  derived  for  a  turbulent  boundary  layer  the  relation, 

T  =0.55  T  +0.45  T  +0.2  <T  -  T  )  2(37) 

m  e  w  re' 

where  T  is  the  free  stream  temperature,  Tw  is  the  wall  temperature,  and  Tr  is  the 

recovery  temperature  (i.e.  the  wall  temperature  for  zero  heat  transfer)  given  by 
Tr  “  Te  (1  +  0,2  Me2  0  1/3  Here  <i  is  the  Prandtl  number  »  m  ecp/ke,  being  the 

thermal  conductivity  of  the  free  stream  fluid  and  c  is  the  specific  heat  at  constant 

+  P 

pressure . 

As  examples  of  the  use  of  this  concept  we  note  that  the  power  law  relations  between 
c-  and  Rx  and  between  Cp  and  Rc  on  a  flat  plate  at  zero  incidence  (equation  2(4))  become 

cf  =0.0592  R  ~,/5  (T  A)°’62,  CF  =0.074  R  " V 5  (T  /T  )°’62 

r  x  e  m  r  c  cm 

for  n  =  7,  2  (38) 

and  c.  =0.0375  R.  "1/6  (T  /T  j0,685,  r  =0.045  R  '1/6  (T  /T  )0,685 

fcr  n  =  9. 

Here  it  is  assumed  that  the  ambient  temperature  Te  is  that  appropriate  to  normal 
aircraft  flight. 

The  corresponding  heat  transfer  rates  are  given  approximately  by 
St  =  0.6  c£, 


where  S._  (the  Stanton  number)  =  -q  /fpu  C  (T  -  T  )1 

t  w  L  e  e  p  w  r  J 


The  mean  temperature  concept  has  been  shown  to  give  reasonably  accurate  results  up 
to  moderate  supersonic  Mach  number  with  zero  or  small  pressure  gradients.  It  can  more 
generally  be  adapted  in  the  simpler  integral  methods  for  non-uniform  pressure 
distributions  by  providing  local  relations  of  adequate  accuracy  (see,  for  example. 
Reference  2.26).  There  are  still  relatively  few  experimental  data  for  checking 
prediction  methods,  but  provided  the  flow  is  not  close  to  separation  and  the  Mach  number 
Me  is  not  greater  than  about  2.0  it  seems  that  for  many  engineering  needs  methods  using 
mean  temperature  approximations  are  fairly  reliable. 

Head's  entrainment  method  has  been  extended  to  compressible  flow  by  Green 
(Reference  2.27).  Green’s  method  is  generally  accepted  as  one  of  the  more  reliable 
integral  methods  for  cases  involving  large  pressure  gradients  whilst  still  remaining 
relatively  simple  and  economic  in  computing  time. 

Spalding  and  Chi  (Reference  2.53)  have  established  a  relation  between  skin  friction 
and  Reynolds  number  for  a  smooth  flat  plate  in  zero  pressu  -adient  for  a  wide  range 


+  The  corresponding  mean  temperature  for  a  laminar  boundary  layer  is  (Reference  2,25) 

T  =  0.45  T  +  0.55  T  +  0.18  (T  -  T  ) 

m  c  w  i  c 

with  Tr  =  Te  (1  +  0.2  <rL/£] 
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of  Mach  number  with  heat  transfer  by  taking  a  mean  of  the  results  predicted  by  a  number 
of  existing  methods.  Their  relation  is  convenient  to  use  and  has  been  made  the  basis  of 
a  comprehensive  ESDU  Data  Sheet  (Reference  2,54). 

Differential  methods  have  also  been  extended  to  compressible  flow  usually  by  the  use  of 
suitable  transformations  to  preserve  the  equations  in  forms  for  which  the  computing 
programs  already  developed  can  be  readily  adapted.  They  cannot  be  easily  summarised 
here  and  the  reader  is  referred  to  the  extension  by  Bradshaw  (Reference  2.28)  of  his 
method,  to  a  method  based  on  the  mixing  length  hypothesis  developed  by  Michel  et  al 
(Reference  2 . 16 )  and  further  developed  by  Quemard  and  Archibaud  (Reference  2.29)  and  an 
extension  of  the  Jones-Launder  method  utilising  the  kt  and  e  transport  equations  by 
Prieur  (Reference  2.30).  Reference  must  also  be  made  to  methods  directed  at  solving  the 
Navier-Siokes  equations  in  which  modeling  is  confined  to  small  scale  turbulence  whilst 
large  scale  eddies  are  calculated.  Such  methods  developed  for  compressible  flow  are 
discussed  by  Rubesin  (Reference  2.22,  Paper  11).  A  valuable  review  is  provided  by 
Fernholz  and  Finlay  (Reference  2.31). 

For  the  development  of  prediction  methods  to  three  dimensional  flows  a  basic 
difficulty  arises  inso  far  as  the  shear  stress  direction  as  well  as  magnitude  are  not 
simply  related  to  the  direction  and  magnitude  of  the  velocity  gradient.  This  casts 
further  doubt  on  the  validity  of  simple  mixing  length  or  eddy  viscosity  methods. 

As  long  as  the  cross  flow  velocity  component  (i.e.  the  component  normal  to  the 
local  free  stream  direction)  is  small  it  is  possible  to  treat  the  velocity  components  in 
the  streamwise  direction  as  independent  of  the  cross  flow.  Two  dimensional  methods  can 
then  be  applied  to  the  streamwise  flow  and  the  momentum  equation  for  the  cross  flow  can 
subsequently  be  solved  without  difficulty  (References  2.32  and  2.33).  For  more  general 
cases  a  number  of  workers  have  used  the  mixing  length  or  eddy  viscosity  concept.  Soma 
have  treated  the  eddy  viscosity  as  a  scalar  quantity,  so  assuming  coincidence  in 
direction  of  the  resultant  shear  stress  and  velocity  gradient  (References  2.34  and 
2.35).  such  methods  are  relatively  simple  and  it  is  fair  to  note  that  in  the  viscous 
sub-layer  as  well  as  towards  the  cuter  edge  of  the  boundary  layer  the  directions  of  the 
shear  stress  and  velocity  gradient  do  coincide  so  that  in  many  cases  the  difference 
between  the  two  directions  may  be  small  enough  for  the  assumptions  made  not  to  lead  to 
serious  error.  Other  workers  have  attempted  to  distinguish  between  the  eddy  viscosity 
in  different  directions  and  a  seminal  piece  of  analysis  for  such  work  was  provided  by 
Rotta  (Reference  2.36). 

A  widely  used  integral  method  with  assumed  forms  for  the  cross  flow  velocity 
profiles  is  that  of  P.  D.  Smith  (Reference  2.37)  who  has  developed  an  extension  of 
Green's  method  in  generalised  curvilinear  coordinates  to  three  dimensional  flows. 
Bradshaw  (Reference  2.39)  has  extended  his  two  dimensional  flow  method  to  three 
dimensions  in  which  he  used  simplified  forms  of  the  shear  stress  transport  equations  in 
two  suitable  orthogonal  directions  parallel  to  the  surface.  The  method  therefore  does 
not  involve  any  identification  of  the  resultant  shear  stress  direction  and  the  velocity 
gradient  direction.  As  for  prediction  methods  in  two  dimensional  flow  no  method  has  yet 
established  itself  as  the  best,  and  for  most  engineering  needs  simplicity  and  economy  in 
computing  costs  must  rightly  play  a  major  part  in  the  decision  as  to  which  to  use.  A 
valuable  comparison  with  experimental  data  of  the  predictions  of  a  wide  range  of  methods 
will  be  found  in  Reference  2.39. 
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2,2  Roughness  Effects  on  Transition 

2.2.1  Introduction 

The  complexity  of  the  process  of  transition  in  a  boundary  layer  from  the  laminar  to 
the  turbulent  condition  is  only  partially  understood  and  no  general  theory  is  as  yet 
available  to  provide  a  comprehensive  predictive  method.  This  was  clear  from  the  AGARD 
Symposium  on  Laminar  -  Turbulent  Transition  held  in  Lyngby,  Denmark,  in  1977,  (Reference 
2.40).  For  the  needs  of  the  engineer  and  designer  we  must  Lave  recourse  to  predictions 
based  on  empirical  formulae  that  are  inevitably  of  limited  validity. 

These  comments  apply  particularly  to  the  effects  of  roughness  on  transition.  We 
know  that  surface  imperfections  can  induce  an  earlier  transition  than  on  a  smooth 
surface  because  they  generate  disturbances  in  the  boundary  layer  in  the  form  of  eddies 
and  vortices  which  modify  the  shape  of  the  boundary  layer  velocity  profile  in  their 
neighborhood  and  wake  so  that  the  boundary  layer  is  rendered  more  unstable.  In  addition 
the  drag  of  the  roughness  is  manifest  in  an  increase  of  the  boundary  layer  momentum 
thickness  and  the  associated  boundary  layer  Reynolds  number  and  this  will  also  tend  to 
enhance  the  instability  of  the  boundary  layer  and  hasten  the  transition  process. 

If  we  consider  an  isolated  excrescence  located  in  the  laminar  boundary  layer  on  a 
particular  body  in  motion  we  find  that  there  is  a  critical  roughness  height  below  which 
no  significant  effect  on  transition  is  apparent.  This  height  depends  primarily  on  the 
roughness  shape,  location,  the  pressure  distribution  over  the  body,  the  body  Reynolds 
number,  the  external  turbulence  and  on  the  transition  position  on  the  smooth  surface. 
As  the  height  is  increased,  the  transition  moves  upstream  until  a  second  critical  height 
is  reached  at  which  transition  occurs  just  downstream  of  the  roughness  and  no  further 
transition  movement,  occurs  with  further  increase  of  roughness  height.  At  that  stage,  if 
the  spanwise  extent  of  the  excrescence  is  of  the  same  order  as  its  height  then  the 
turbulent  region  downstream  takes  the  form  of  a  wedge  in  plan  of  angle  about  11  and 
apex  very  close  to  the  excrescence.  On  the  other  hand,  if  the  spanwise  extent  of  the 
excrescence  is  large  compared  with  its  height  then  transition  is  induced  over  its  entire 
span . 


These  two  critical  roughness  heights  are  of  particular  practical  interest.  An 
early  transition  caused  by  surface  roughness  or  imperfections  can  result  in  a 
significant  increase  in  drag  and  hence  in  fuel  consumption,  as  explained  in  Section 
2.1.1.  It  may  also  result  in  changes,  usually  deleterious,  in  any  downstream 
interaction  of  a  shock  wave  and  the  boundary  layer.  It  is  therefore  important  fo  know 
the  maximum  height  of  roughness  which  can  be  accepted  as  having  no  effect  on  the 
transition  position.  We  will  call  this  critical  height  kcrit  ^  •  On  the  other  hand,  on 
wind  tunnel  models  it  is  often  desirable  to  use  a  transition  trip  in  the  form  of 
roughness  band  fixed  on  the  surface  to  induce  transition  immediately  downstream  of  it. 
The  object  is  to  fix  the  location  of  transition  on  the  model  so  that  (1)  the  drag 
measurements  will  not  be  subject  to  variations  in  transition  location  and  (2)  the 
measured  drag  values  can  be  corrected  to  the  full  scale  transition  location.  For  this 
purpose  we  need  to  estimate  with  some  confidence  the  minimum  size  of  trip  required  to 
result  in  the  desired  transition  position  without  incurring  undue  extra  drag  due  to  it. 
The  second  critical  roughness  height,  which  we  will  denote  as  2»  is  clearly  useful 

in  this  context.  In  any  case  we  need  to  take  note  of  likely  differences  between  the 
effects  of  isolated  excrescences  such  as  rivet  heads,  distributed  roughness  such  as 
paint  and  of  excrescences  of  considerable  spanwise  extent  (e.g.  gaps  between  wing 
planks,  lap  joints)  which  are  sometimes  described  as  two  dimensional. 
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2,2.2  The  First  Critical  Roughness  Height  kcrit  ^  :i 

An  early  approach  to  predicting  this  critical  roughness  height  was  that  of  Schiller  I 

(Reference  2.41),  who  noted  that  for  a  given  bluff  body  in  steady  motion  at  low  Reynolds  | 

number  there  is  a  critical  value  of  the  Reynolds  number  above  which  the  laminar  wake  | 

behind  the  body  becomes  unsteady  and  vortices  generated  at  the  body  move  downstream  in  j 

the  form  of  a  vortex  street.  For  a  circular  cylinder,  for  example,  “  VQ  d/'-v=150.  | 

Schiller  argued  that  for  a  roughness  immersed  in  a  laminar  boundary  layer  there  should  ] 

similarly  be  a  critical  Reynolds  number,  ,  based  on  the  roughness  height  k  and  the  i 

velocity  u^  in  the  undisturbed  boundary  layer  at  the  height  k,  above  which  we  can  expect 
the  roughness  to  shed  eddies  into  the  boundary  layer  which  would  help  to  destabilise  it  1 

and  so  cause  transition  to  move  upstream.  We  can  then  identify  the  roughness  height  k 

with  kcrit  This  suggests  that  ! 

•Wh.i=HkAWi=C0nsf-=c'say-  2(40)  j 

! 

j 

If  k/8<<  1  ,  where  8  is  the  boundary  layer  thickness,  then  for  the  basic  case  of  an 
excrescence  on  a  flat  plate  with  zero  pressure  gradient  in  incompressible  flow,  we  can  ^ 

write  J 


4 

i 

\ 

1 

•i 

j 

2  (4!)  J 

j 

i 

! 

J 

1 

\ 

where  rw  =  shear  stress  at  the  plate  surface,  uT  =  (friction  velocity),  .] 

Rxk  =  uexkyv  '  xk  =  di-stance  Of  excrescences  from  the  plate  leading  edge. 

i 

i 


M9u,  kT  kuT^ 

dp5  =-W  =“ 

'  w  P  V 


:  2v  Cf  ue  ~  2vv/r 


0.664  k  2 
V./T,  %  ' 


2  (42) 

2  (43) 


Thus,  given  the  values  of  R,  .  ,  and  x,  we  can  determine  the  corresponding  value  of 

A  CL  1  t  «  J.  K. 

k  • .  i  . 

crit. 1 

If  k/8  is  not  small  compared  with  unity  then  the  above  estimate  for  cannot  be 

applied.  However,  any  standard  mode  of  solution  of  the  laminar  boundary  layer  equations 
can  be  used  to  yield  ,  and  for  the  basic  case  considered  of  a  flat  plate  with  zero 
pressure  gradient  in  incompressible  flow,  we  can  use  either  the  approximate  Pohlhausen 


EW„  R*  -  (‘4’)2. 0.332  C  l2^2 

k 

R,  1/2  1/4 

A|so  uek/v  =  (  — w )  k 


4  S**'*"’ 


or  the  approximate  trigonometric  form 

V  =Sin<T‘6) 

e 

together  with  the  relation  6 /x  -  5/ ,  where  =  uex/v  -  With  the  trigonometric  form 
we  obtain  instead  of  2(43) 


R 


k 


2(44) 


4 

i 


Again,  given  the  values  of  R^  C[-jt  y  and  x^  this  relation  can  be  used  to  determine 

the  corresponding  value  of  k  However,  as  this  is  a  more  complicated  relation 

than  2(43)  it  is  convenient  to  present  it  graphically  in  the  form  of  logln(u  k/v  )  as  a 
1/2  iu  e 

function  of  (R^)  for  various  values  of  R  ^  as  in  Figure  2.9. 


Figure  2,9.  Chert  for  Determining  k  ..  Given  R,  and  R  .  for  Basic  Case  of  Zero 

crit.  k  crit.  xk 

Pressure  Gradient,  Incompressible  Flow  (Equation  2(44)) 


Experiments  by  Smith  6  Clutter  (Reference  2.42)  on  a  variety  of  excrescence  shapes 

in  both  zero  and  non-zero  pressure  gradients  (mostly  favourable)  and  a  range  of 

intensities  of  tunnel  turbulence  yielded  the  following  values  of  R,  . .  ,, 

k  crit.l 

Range  of  R 

Roughness  _ k  crit. _ 1 

Spanwise  wires  40  -  260 

Protruding  discs  of 

circular  section  100  -  650 

(dia.  =  1.6  mm) 

Spanwise  strips  of 

sandpaper  180  -  330 

(width  =  6.4  mm) 
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They  found  the  effects  of  pressure  gradient  and  of  tunnel  turbulence  on  R^  cr^fc  j 
to  be  small.  At  first  sight  this  is  surprising  but  one  notes  that  whilst  a  favourable 
pressure  gradient  would  tend  to  reduce  the  boundary  layer  thickness  and  make  its 
velocity  profile  fuller,  and  to  that  extant  would  enhance  the  disturbances  produced  by  a 
given  roughness,  it  also  tends  to  increase  the  stability  of  the  boundary  layer.  Similar 
balancing  factors  apply  to  the  effects  of  fret  stream  turbulence. 


Braslow  (Reference  2.43)  has  analysed  a  wide  range  of  data  to  present 
( as  a  function  of  d/k,  where  d  is  the  spanwise  dimension  of  a  typical 
roughness,  on  the  argument  that  tnis  is  a  parameter  of  the  roughness  shape  which  must 
play  an  important  part  in  determining  HKcr^t  ^  .  His  results  are  represented  in  Figure  2.10 
not  in  detail  but  as  a  band  showing  the  variation  about  the  mean  curve.  It  will  be  seen 


that  for  d/k  =  2.0  ( hemi-spherical  roughness)  the  value  of  (R.  .  , 

i  .  K  Cl  It  i  1 


1/2 


23  -  6, 


1/2  12  ±  4 

nk  cnt.l' 

results  the  value  for  two  dimensional  excrescences  (d/k 


but  for  d/k  “  30  the  value  of  (R. 


Judging  by  Smith  &  Clutter's 
eo  )  would  be  about  11  -  4. 


d/k 


Figure  2.10. 


^  crit.  I> 


1/7 


as  Function  ot  Roughness  Shape  Parameter  d/k  (Braslow) 


Braslow  also  demonstrated  that  there  is  a  significant  interference  effect  with  a 

pair  of  cylindrical  excrescence  elements  if  their  spanwise  spacing  is  less  than  about  3 

d  apart  (see  Figure  2.11).  Their  disturbing  effects  then  evidently  augment  each  other 

and  Rfc  cr^t  y  is  reduced  by  the  interference.  On  the  other  hand,  if  they  are  spaced 

streainwise  then  the  interference  effect  is  such  as  to  increase  y  if  the  spacing 

is  less  than  about  4  d  but  for  higher  spacings  up  to  20  a  the  effect  is  to  reduce 

R.  .  .  ,  (see  Figure  2.12).  It  seems  that  at  a  close  enough  spacing  a  steady  vortex 
k  crit.l 

system  forms  between  the  excrescences  and  the  disturbances  shed  by  the  rear  excrescence 
are  somewhat  less  intense  than  from  an  isolated  excrescence.  At  higher  spacings  the 
excrescence  exper iences  the  unsteady  wake  from  the  front  one  and  the  final  downstream 
disturbance  level  is  somewhat  enhanced  as  a  result. 
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Figure  2.11. 


Effect  of  Spanwise  Spacing  of  Pair  of  Cylindrical  Elements  on  R,  .  . 

(Braslow)  tn‘' 


Figure  2.12.  Effect  of  Streamwise  Spacing  of  Pair  of  Cylindrical  Elements  on  R,  .  . 

(Braslow)  " 


Braslow's  analysis  showed  little  effect  of  Mach  number  on  R^  cr^t  ^  up  to  a  main 
stream  Mach  number  of  3.0  but  with  some  indication  of  a  reduction  for  higher  Mach 

numbers  (</. cr^t  j  “  15  for  M&  =  3.7  and  d/k  =  1.0).  It  should  oe  noted  that  if 

R.  is  independent  of  Mach  number  then  k  .  ,  must  increase  with  Mach  number 

since  the  velocity  at  a  given  height  in  the  boundary  layer  decreases  with  increase  of 

Mach  number. 

To  sum  up,  for  general  predictive  purposes  the  available  data  are  such  that  one  is 
not  likely  to  be  able  to  do  better  than  to  make  use  of  Figure  2.10  for  determining  the 
value  of  R^  crit  j  •  Where  it  is  important  to  avoid  early  transition  it  is  best  to 
choose  a  value  near  the  lower  limit  of  the  band.  From  the  value  of  R.  .  .  and  the 

It  C!T1  C  •  1 

given  value  of  x,  the  corresponding  value  of  k  ...  can  be  determined  from  a  solution 
3  k  cr i t . 1 

of  the  laminar  boundary  layer  equations  or  more  approximately  from  equation  2(43)  or 

2(44)  (or  from  Figure  2,9)  depending  on  the  magnitude  of  k  ,  . /f,  . 

cric » 1 


2(i 

2.2.3  The  Second  Critical  Roughness  Height  ^crit.Z 

The  available  data  show  that  k  ,  ,  is  of  the  order  of  twice  k  .  ,.  Early  work 
of  Fage  b  Preston  (Reference  2.44)  indicated  that  R^  cr^t  2  31  400  for  a  w*-re  trip,  but 
Klebanoff  et  al  (Reference  2.45)  obtained  values  ranging  from  140  to  1000  depending  on 
the  local  pressure  gradient  and  the  level  of  tunnel  turbulence.  Gibbings  b  Hal) 
(Reference  2.46)  inferred  the  following  relation  mainly  from  the  data  of  Tani  (Reference 
2.47)  . 
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Sm'th  &  Clutter  (Reference  2.42)  found  the  value  of  crjt  2  to  be  about  300  for  a  wire 
trip,  whilst  for  their  protruding  cylindrical  excrescences  and  their  sandpaper  trip  the 
corresponding  values  were  about  600  and  400,  respectively.  From  eguation  2(43)  for 
k/6  <<1  we  can  expect  that  for  constant  crlt  2  an<-*  z2ro  pressure  gradient 
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2  (46) 


which  differs  somewhat  from  the  Gibbings-Ilall  relation,  equation  2(45).  Van  Driest  b 
Blumer  (Reference  2.48)  inferred  from  tests  at  supersonic  speeds  of  spherical  roughness 
arranged  in  a  band  round  a  cone,  as  well  as  from  tests  of  similar  excrescences  on  a  flat 
plate  at  zero  incidence  at  low  speeds,  that 
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where  Mc  is  the  Mach  number  at  tne  outer  edge  of  the  boundary  layer  and  7  is  the  ratio 
of  the  specific  heats  (1.4  for  air).  It  should  be  noted  that  some  distance  was 
increasingly  evident  between  the  trip  and  the  transition  position  with  increase  of  Mach 
number  (sec-  Figure  2.13), 


u  Ax 
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Figure  2.13.  Interval  (Axf)  Between  Transition  Ti  (Band  of  Spherical  Elements)  and 
Transit:on  as  Function  of  Mach  Number  (Van  Driest  &  Blumer) 


It  seems  that  in  the  absence  of  more  data  and  convincing  analysis  o£  the  effects  of 
pressure  gradient  and  external  turbulence  we  can  predict  k  .  t  2  in  incompressible  flow 
on  the  basis  of  an  assumed  value  of  R^  crjt  2  ran9e  300  to  400  for  wire  trips  and 
about  600  for  roughness  bands.  For  speeds  at  which  compressibility  effects  are 
significant,  equation  2(47)  indicates  that  the  factor  [  1  +(Y-l)/2  )  should  be 
applied  to  the  low  speed  value  of  Rfc  it  j.  From  the  value  of  Rk  crit  2  Jnd  a  9iuen 
value  of  x.  the  corresponding  value  of  k  ,  _  (just  as  for  k  ■  .)  can  be  determined 
from  equation  2(43)  or  equation  2(44)  (or  Figure  2.9)  depending  on  the  order  of 
magnitude  of  ^cr^t  2/s  •  Alternatively,  the  Gibbings-Hall  relation,  equation  2(46), 
could  be  used  for  wire  trips,  whilst  equation  2(47)  could  be  used  for  spherical 
roughness  bands. 

It  should  be  noted  that  all  forms  of  trip  will  cause  an  increase  in  the  momentum 

r 

defect  in  the  boundary  layer  because  of  their  drag.  For  example  for  a  wire  trip,  if  r>h 
is  the  drag  coefficient  in  terms  of  its  height  h  times  its  span  and  the  velocity  u^, 
i .  e . 


D  =  Cn  —  u  2  h,  par  unit  spon, 

1  2 


then  the  momentum  thickness  will  be  increased  by  the  wire  by  an  amount 


a 


2  (48) 


Preston  (Reference  2.49)  has  shown  that  turbulent  flow  cannot  be  sustained  for  values  of 
<  320.  It  follows  that  to  stimulate  transition  the  total  9  after  the  trip  must  be 
such  that  there  must  exceed  this  value.  A  trip  that  is  made  up  of  spanwise  pieces 

may  prove  more  effective  in  provoking  transition  than  a  continous  trip  because  of  the 
drag  associated  with  the  eddies  generated  by  the  flow  round  the  ends  of  the  pieces. 

2.2.4  The  Effects  of  Sweep 


So  far  we  have  ignored  the  effects  of  sweep  and  this  is  probably  justified  as  long 
as  the  secondary  flows  in  the  boundary  layer  are  small,  i.e.  the  flow  direction  in  the 
boundary  layer  is  not  markedly  variable  across  it.  However,  in  the  region  of  the 
leading  edge  of  a  swept  wing,  where  there  are  strong  pressure  gradients  normal  to  the 
leading  edge  as  well  as  a  flow  component  in  the  spanwise  direction,  the  secondary  flows 
are  important  and  the  effects  of  toughness  and  transition  present  special  features. 

In  two  dimensional  unswept  flow  the  boundary  layer  at  the  front  stagnation  point  of 
a  round  nosed  wing  is  of  finite  thickness  which  for  small  s,  the  distance  from  the 
stagnation  point,  is  independent  of  s.  The  scale  of  the  velocity  in  the  boundary  layer 
is  determined  by  ue  where  ue  is  the  velocity  just  outside  the  boundary  layer.  For  small 
s,  we  find  that 

=  8  s,  where  P  ”  Vo/r' 


r  denotes  the  radius  of  curvature  of  the  wing  leading  edge  and  VQ  is  the  undisturbed 
stream  velocity  (the  constant  of  proportionality  depends  on  the  section). 


2X 

Now  consider  an  infinite  swept  wing.  For  the  laminar  boundary  layer  near  the 

leading  edge  the  so-called  principle  of  independence  applies,  i.e.  the  flow  in  planes 

normal  to  the  leading  edge  is  independent  of  that  parallel  to  it  (Reference  2.50).  The 

boundary  layer  flow  there  is  therefore  a  combination  of  that  derived  for  two  dimensional 

flow  normal  to  the  leading  edge  in  a  main  stream  flow  of  velocity  U  •  V  Cos  A  and  a 

no 

flow  parallel  to  it  with  main  stream  component  Ut  *  Vq  Sin  A  ,  where  is  the 

resultant  main  stream  velocity  and  A  is  the  angle  of  sweep. 


We  here  use  suffixes  n  and  t  to  denote  components  normal  and  parallel  to  the 
.leading  edge.  We  have  seen  that  the  former  will  change  rapidly  with  s  being  determined 
in  scale  by  Uen  =  0  s  with  0  now  proportional  to  VQ  Cos  A /r  .  The  boundary  layer 
velocity  components  parallel  to  the  leading  edge  are  constant  in  scale  and  change 
relatively  little  in  form  with  s.  The  resulting  boundary  layer  velocity  distributions 
therefore  have  component  profiles  in  some  directions  which  have  points  of  inflection  and 
can  therefore  be  expected  to  have  a  tendency  to t be  unstable  to  small  disturbances  along 
such  directions  above  a  relatively  low  Reynolds  number.  This  kind  of  instability  can  be 
controlled  by  a  relatively  modest  degree  of  boundary  layer  suction  (Reference  2.51). 
However,  in  addition  a  more  potent  source  of  transition  can  arise  since  the  boundary 
layer  is  of  finite  thickness  along  the  leading  edge  and  can  be  tripped  to  become 
turbulent  by  excrescences  there  for  which  the  Reynolds  number  is  above  some  critical 
value  determined  by  ut  and  «t,  the  momentum  thickness  in  the  spanwise  direction. 
Gastcr  (Reference  2.52)  has  analysed  some  wind  tunnel  and  flight  data  to  determine  the 
critical  value  of  R  =  Ut  #t/v  above  which  turbulence  once  introduced  will  propognte 
along  the  leading  edge  however  long  it  is  and  so  contaminate  the  boundary  layer  over  the 
surface  downstream.  He  found  the  critical  value  to  be  about  100.  The  turbulence  can 
arise  from  the  wing-body  junction  or  be  induced  by  roughness  in  the  region  of  the 
leading  edge.  Using  trip  wires  of  diameter  d  fixed  round  the  leading  edge  he  found  that 
the  critical  size  of  wire  to  provoke  turbulence  close  to  the  wire  was  given  by 

n)  ci  if.  =47R&  1/2  2  (49) 
v 


It  is  interesting  to  note  that  this  is  quite  close  to  the  relation  one  would  deduce 


one  uses  the  value  given  by  Page  f. 
ple*-e  with  zero  pressure  gradient. 


where  R(,  =  up  0/\  .  This  agreement  presumably  reflects  the  tact  that  the  velocity 
profile  in  the  direction  of  the  leading  edge  of  a  swept  wing  is  nor  greatly  different 
from  that  of  a  laminar  boundary  layer  in  two  dimensional  flow  and  with  zero  pressure 
gradient . 


Theory  yields 
and 


6  =  0.40  Tv/P 
=0.27/v/i 


2  (50) 


Since  tt  —  2Vo  Cos  A/r,  it  follows  that  a  decrease  of  wing  sweep  or  of  leading  edge 
radius  r  help  to  increase  the  critical  roughness  height. 
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3.  DISTRIBUTED  ROUGHNESS  IN  TURBULENT  BOUNDARY  LAYERS 
(ZERO  OR  SMALL  PRESSURE  GRADIENTS) 


3.1  Basic  Effects. _ Sand  Roughness  and  Critical  Roughness  Heights 

In  what  follows  a  typical  height  of  a  roughness  element  will  be  denoted  as  k  and  it 
will  be  assumed  that  in  general  k  is  small  compared  with  the  boundary  layer  thickness. 
Larger  excrescences  will  be  included  under  the  heading  'discrete'  and  discussed  in 
Section  4. 

Our  basic  understanding  of  the  effects  of  distributed  roughness  in  turbulent 
boundary  layers  owes  much  to  the  classical  experiments  of  Nikuradse  (Reference  3.1) 
using  sand  roughness  on  the  inner  surfaces  of  circular  sectioned  pipes.  The  sand  grains 
were  kept  closely  uniform  for  any  one  test  and  were  fixed  in  a  closely  packed 
arrangement.  The  tests  covered  a  range  of  grain  sizes  and  of  pipe  radii.  An 
illustrative  plot  of  some  of  his  results  for  skin  friction  is  given  in  Figure  3.1.  In 
that  figure  c^m  =  T  ,  where  is  the  mean  velocity  over  the  pipe  cross  section, 
a  is  the  pipe  radius  and  kg  is  the  sand  grain  height. 


Figure  3-1 .  Friction  Coefficients  of  Sand-Roughened  Pipes  as  Functions  of  Pipe  Reynolds  Number  (Nikuradse) 


It  will  be  seen  that  for  each  roughness  size  there  is  a  critical  pipe  Reynolds 
number  (um  2a/v )  below  which  there  is  no  effect  of  the  roughness  on  c£n).  The  surface 
is  then  referred  to  as  hydraulically  smooth .  With  increase  of  Reynolds  number  above  the 
critical  value  the  skin  friction  coefficient  increases  above  that  of  the  smooth  Dipe 
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showing  that  the  roughnesses  are  then  shedding  eddies  into  the  flow  which  contribute  to 
the  momentum  loss.  This  drag  increment  is  a  combination  o£  the  sum  of  the  pressure  (or 
form)  drags  ol  the  excrescences  and  the  accompanying  changes  of  the  local  surface 
friction,  but  the  former  rapidly  becomes  dominant  as  the  Reynolds  number  is  increased. 
Finally,  we  note  that  above  a  second  critical  Reynolds  number  c^m  is  constant  and 
independent  of  any  further  increase  of  Reynolds  number.  We  infer  that  at  that  stage  the 
drag  is  almost  wholly  due  to  the  pressure  drag  increments  of  the  roughnesses  and  hence 
becomes  insensitive  to  Reynolds  number.  We  call  the  flow  regime  in  the  pipe  at  that 
stage  fully  developed  roughness  flow.  The  intermediate  flow  regime  between  the  two 
critical  Reynolds  numbers  is  sometimes  referred  to  as  the  'transition  regime',  but  to 
avoid  confusion  with  the  more  common  use  of  'transition'  to  describe  the  change  from 
laminar  to  turbulent  flow  in  the  boundary  layer,  we  will  refer  to  this  regime  as  the 
intermediate  rough  regime. 

It  is  generally  accepted  that  the  hydraulically  smooth  regime  is  one  where  the 
roughnesses  do  not  protrude  through  the  viscous  sub-layer.  The  argument  is  that  this 
layer  is  one  of  high  damping  of  eddies  and  so  eddies  generated  by  the  roughness  within 
it  do  not  convect  downstream  and  add  to  the  momentum  loss,  instead  they  remain  between 
the  roughnesses  effectively  smoothing  the  surface.  This  reasoning  implies  that 
roughnesses  for  which  the  flow  is  hydraulically  smooth  must  satisfy: 

0  <  uT  k/v<5,  3(1) 

if  we  take  5  as  a  safe  lower  limit  for  determining  y^  +  =  uT  y^  /v  ,  where  is  the 
thickness  of  the  viscous  sub-layer.  This  relation  is  consistent  with  Nikuradse's 
measurements . 

The  beginning  of  the  fully  developed  roughness  regime  is  likewise  characterised  by 
a  value  of  ur  k/j,-  which  in  Nikuradse's  experiments  on  sand  roughness  in  incompressible 
flow  is  shown  to  be  about  70,  i.e. 

utVV-*  70  3  (2) 

for  this  regime.  Here  we  use  suffix  s  to  denote  the  sand  roughness  as  tested  by 

Nikuradse  since  for  other  types  of  roughness  we  can  expect  the  limiting  value  of  uT  k/V 
for  fully  developed  roughness  to  differ. 


These  pipe  flow  results  can  be  readily  adapted  to  determine  the  effects  of  sand 
roughness  on  the  flow  over  a  flat  plate  at  zero  incidence.  We  replace  the  pipe  radius  a 
by  the  boundary  layer  thickness  fi  which  is  then  a  growing  function  of  x  the  distance 
from  the  leading  edge.  Hence,  with  a  given  roughness  uniformly  distributed  over  the 
plate  we  can  expect  an  initial  region  of  fully  developed  roughness  flow  followed  by  a 
region  of  intermediate  rough  flow,  and  if  the  plate  chord  is  of  sufficient  length  there 
will  finally  be  a  region  of  hydraulically  smooth  flow.  Plots  of  the  limiting  roughness 
heights  for  fully  developed  rough  and  hydraulically  smooth  flows,  deduced  from  equations 
3(1)  and  3(2)  above  are  presented  in  Figure  3,2  in  the  form  of  log^^x/k)  as  a  function 
of  log(Rx).  It  is  of  interest  to  note  that  the  minimum  roughness  height  to  provoke 
transition  in  the  laminar  boundary  layer  for  a  given  Rx  is  several  times  larger  than  the 
limiting  value  for  hydraulically  smooth  flow  with  the  boundary  layer  turbulent.  This 
can  be  readily  inferred  from  Figure  2.9,  2.10  and  3.2  by  considering  typical  values  of 

crit.l  and  Rxk'* 


*  For  example,  if  ( R^,  cr^t  j)  *  20  and  =  106  we  find  from  Figure  2.9  that 

k  ■ ,  /x.  =  10  3,  whilst  from  Figure  3.2  we  find  that  for  hydraulically  smooth  flow 

cr  1 1 . 1  K  ,  -"5  9 

with  Rx  -  Rx^  c  10  we  must  have  k/x^  <10  '  , 


J  JLJ.J _ 


Figure  3-4.  Overall  Skin  Friction  Coefficient  of  Sand-Roughened  Plate  (Prandtl-Schlichting 
Deductions  from  Nikuradse's  Pipe  Flow  Experiments) 


Figure  j-5.  Fractional  Drag  Increase  Due  to  Sand  Roughness 


The  above  formulae  etc.,  refer  to  incompressible  flow.  The  effects  of 

compressibility  and  heat  transfer  on  roughness  effects  have  not  been  thoroughly 

investigated  and  reliable  generalised  relations  are  not  yet  available.  However,  it  can 

be  plausibly  argued  that  the  above  relations  will  still  apply  provided  the  relevant 

density  and  viscosity  values  are  taken  at  their  wall  values  since  these  are  the  values 

in  the  flow  region  in  which  the  roughnesses  operate.  Thus,  for  u_  we  should  understand 
1/2  7 
urw  =  <V  p  w'  -and  fQr  v  we  should  understand  v  .  Now  r  will  itself  vary  with 


\  ' ' 


By  v 
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Mach  number  and  wall  temperature  and  if  we  accept  the  Sommer  and  Short  mean  enthalpy 
formula  we  find  that: 

„  /x  /T  .0,65 
t  « (T  /T  )  ,  approx, 

w  «  m  n 


where 


T  T 

-—-•0.55  +  0.45  ~  +0.036  M  , 

T  T  * 


and  is  the  local  free  stream  temperature. 

It  follows  that  if  a  critical  roughness  height  kg  is  such  that  UTW'<S/  Pw  ~  corist" 
independent  of  Mach  number,  then 


TT 

SI 


—  ■■=[—)  (0.55  +  0.45  +0.036  M  2)0-323 

.  I  I  6 


3  (3) 


where  k  .  is  the  value  for  incompressible  flow.  Here  we  have  taken  the  coefficient  of 

•  f1  0.89 

viscosity  n  a  T 

For  zero  heat  transfer  Tw/T  =  1  +  1(7  -l)/2]  where  r  is  the  recovery  factor 

0.89  for  air,  and  7  *  c  /cv  ^  t*le  ratio  of  specific  heats)  =  1.40  for  air.  Then  we 
get 

=(i  +0.178  WtV‘3?(l  +0.214  Me2)  0,325  3  (4> 

SI 


Thus,  for  M  “  1/  k./k  .  =  1. 34?  and  for  K  -  2,  k  /k  -  =  2,58.  These  results  reflect 
e  s  s  *  c  ssi. 

the  known  increase  of  the  viscous  sub-layer  thickness  with  Mach  number. 

Pursuing  this  argument  further  Berg  (Reference  3,3)  has:  collected  data  for 
roughnesses  on  a  flat  plate  indicating  that  over  a  wide  range  of  Mach  numbers  up  to  6 
and  a  variety  of  roughness  forms  the  drag  increment  due  to  the  roughnesses  as  a  ratio  of 
the  smooth  surface  drag  was  a  unique  function  ol  u  _w  V-s/  v  ,  where  k__,  is  the  equiva¬ 
lent  sand  roughness  height  in  incompressible  flow  (see  Section  3.3).  This  implies  that 
Figure  3.b  can  be  taken  as  applying  to  compressible  flow  provided  one  replaces  )t  by 


k 

sw 


=  k 

s 


V 

_5L 

V 

w 


(T  /T  ) 

e  w 


1.39 


3  (5) 


For  zero  heat  transfer  k.  .  =  k  /  [1  +  (7-l)/2  P5  2  rj  3(6) 

S  W  S  K 

which  for  M„  =  1  gives  k  =  0.8k  ;  and  for  M  =  2  we  get  k  =  0.47  ks. 
e  sw  s  e  J  sw 

This  indicates  that  the  proportional  effect  of  a  given  roughness  on  drag  for  zero  heat 
transfer  decreases  with  Mach  number  as  might  be  expected  from  the  fact  that  the  drag 
increment  would  be  largely  determined  by  the  air  density  at  the  wall  p#.  However,  the 
results  analysed  by  Derg  appear  to  be  all  for  roughnesses  small  enough  to  be  immersed  in 
the  subsonic  part  of  the  boundary  layer  and  so  would  net  contribute  to  the  drag  by 
generating  shock  waves.  It  cannot  therefore  be  assumed  that  results  based  on  Figure  3.5 
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and  equations  3(5)  or  3(6)  will  apply  to  roughnesses  large  enough  to  penetrate  into  the 
supersonic  part  of  the  boundary  layer. 

3.2  Velocity  Dlstri butions  in  the  Boundary  Layer 

The  eddies  generated  by  distributed  roughnesses  of  height  small  compared  to  the 
boundary  layer  thickness  rapidly  get  absorbed  in  the  local  turbulence  of  the  boundary 
layer  without  significantly  changing  its  structure.  The  main  effect  is  therefore  to 
increase  the  value  of  the  shear  stress  in  the  region  of  the  boundary  layer  close  to  the 
surface  but  there  is  no  loss  of  validity  of  the  general  dimensional  reasoning  underlying 
the  law  of  the  wall  and  the  defect  velocity  law  derived  for  smooth  walls  (see  Section 

2.i2). 

Thus,  we  can  again  infer  that  in  the  law  of  the  wall  region  for  incompressible  flow 


u  =  Aut  In  y  +  B 


where  A  =  1/K,  K  being  the  von  Karman  constant  (0.4-0.41),  as  for  a  smooth  wall,  but  B 
is  a  constant  that  will  in  general  depend  on  the  roughness  size  and  geometry. 

To  examine  the  nature  of  B  more  closely  we  can  argue  that  there  must  be  some  lower 
limit  of  y,  say  yQ ,  below  which  3(7)  cannot  be  expected  t.o  apply,  and  yQ  will  be  a 
function  of  k,  the  roughness  height,  uT  and  v  as  well  as  of  the  roughness  shape.  For 
similar  shaped  roughnesses  we  therefore  write: 


y0A=f(uT  k/\),  say, 


where  f  is  some  function  of  the  roughness  geometry. 


u  "  «  (f0  )  =  Aln(y/yQ  )  =  A  ln(y/fk). 


But  since  u(yQ)  will  depend  on  uT,  k  and  v  we  may  expect  u(yQ)/uI  to  be  a  function  of 
(uT  k/v  )  and  so  we  can  write 


u/uT  =A  In(yA)  +  h(u-kA), 


where  h(uT  k/v  )  is  some  function  of  uTk/v  as  well  as  of  the  form  and  distribution  of 
the  roughnesses  concerned. 


Nikuradse's  results  for  sand  roughened  pipes  provided  good  support  for  this 
relation  and  the  resulting  function  h  for  closely  packed  sand  grains  is  illustrated  in 
Figure  3.6.  We  find  that  for  uT  k/v  <  5  his  function  h  is  approximately  given  by 

h  (uT  ks/v)=5.5  +2.5  ln(uT  k^) 
so  that  with  Nikuradse's  value  of  A  =  2.5 


u/uT  =2.5  ln(uTy/v)  +5.5 


hydraulically 

SMOOTH 


Us,0  0»;>/p) 

Figure  3-6,  The  Function  h(u^k  /y)  for  Sand  Roughness  (Nikuradsc) 


in  agreement  with  the  low  of  the  wall  for  a  smooth  surface  Inf.  equation  2(11)].  This 
therefore  defines  the  range  of  ua  k,/v  for  which  lire  flow  is  hydraulically  smooth. 

On  the  other  hand  for  ur  ko/  v  >'/  0 ,  approx.,  we  see  that  Nikuradse's  Ttinotion  h  is 
a  constant  -  8,5,  so  that  then 


ty  u. 


-  2.5  ln(y/k  )  +  8.5 . 


3  (10) 


This  therefore  corresponds  to  the  range  of  roughness  for  which  the  velocity  profile 
and  surface  friction  are  independent  of  Reynolds  number  -  i ,s.  the  regime  that  we  have 
labelled  fully  developed  roughness  flow.  For  the  intermediate  rough  regime  5<(uxki./i  )<70 
both  the  viscous  and  the  roughness  form  drag  cent vibu-: iors  t.o  the  total  roughness  drag 
can  be  important. 

Equation  3(B)  can  be  regarded  us.  che  generalised  term  of  the  logarithmic  law  of  the 
wall  for  walls  with  distributed  roughness.  There  ace  other  ways  of  expressing  it  which 
have  their  uses.  Perry  and  Jeubert  (Reference  3.4)  argued  that  since  the  direct  effects 
of  the  roughness  wore  apparent  only  in  the  thin  inner  region  of  the  boundary  layer  where 
the  direct  effects  of  viscosity  are  also  confined,  cue  roughness  could  be  regarded  as 
equivalent  in  its  effect  on  the  velocity  distribution  to  a  change  of  kinematic  viscosity 
from  v  to  v  ,  say.  Hence  the  logarithmic  law  of  the  wail  should  take  the  form: 

u/uT  -  A  !n(y  u.r  /v  )  ■  B 

eg 


where  B  is  now  the  same  constant  as  for  a  smooth  wail  <5.5  if  A  is  taken  as  2.5).  But 
on  dimensional  grounds  one  can  expect  v  /  v  to  be  a  function  of  kut/v  and  it 
follows  that  3(11)  can  also  be  written 

u/ux  =  A  ln{y/k)  +  h(uxk/v) 

in  agreement  with  3(8).  Further,  from  equation  3(11),  we  see  that  we  can  write 

u/u„=A!n(y  uT/v) +8  -  A  In  (v  /v) 

T  ■  eg 

=  A  ln(yuT  /v)  +  B  -  Au/uT  3  (12) 

where  Au/ux  is  a  function  of  ux  k/v 

Hence,  for  the  logarithmic  law  of  the  wall  region,  the  plot  of  u/uf  as  a  function 
of  ln(yut  /v  )  for  any  given  roughness  is  linear  with  slope  A,  independent  of  the  rough¬ 
ness,  and  displaced  parallel  to  the  basic  plot  for  a  smooth  surface;  the  displacement 
Au/ut  is  a  function  of  ux  k/v  lor  roughnesses  of  similar  shape.  A  wide  range  of 
experimental  results  of  different  workers  amply  confirms  this  conclusion  (see  References 
2.9,  2.10,  3.4,  3.5,  3.6,  3.7  and  3.8). 

However,  a  difficulty  arises  in  the  analysis  of  experimental  data  since  the  above 

relations  cannot  he  expected  to  apply  for  values  of  y  less  than  the  tops  of  the 

roughnesses  nor  indeed  can  velocity  measurements  there  readily  fit  any  generalised 
formulae.  Even  on  a  smooth  wall  a  displaced  origin  for  y  must  be  assumed  to  achieve  a 
realistic  blending  with  the  viscous  sub-layer  (see  equation  2(12)).  A  displaced  origin 
is  therefore  also  required  for  the  analysis  of  data  on  a  rough  wall  particularly  for  the 

flow  region  close  to  the  roughness  tips.  This  origin  is  taken  to  be  a  distance  €  below 

the  maximum  roughness  height:- 


Thus,  instead  of  3(12)  we  write 

u/uT  =  Ain!  (yT  +  e)uT  /v)  +  B  -  hu/ uT  .  3  0> 

where  yT  is  the  value  of  y  measured  from  the  highest  roughness  tip.  Following  Clauser 
we  can  multiply  this  equation  by  uT/u  to  get 

u/ue  =A(cf8/2),/2|n[(yT  +  ^ue/v|  +  (cf/2),/2  l  A  ln(cf#/2)’/2  +  B  -  Au/uTl  3  (!■ 
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where  c£o  =  2 t  w/  . 

Hence,  given  A  and  B  from  smooth  surface  data  the  correct  choice  of  t  should  lead 
to  a  linear  relation  between  u/u  and  In  l(y,r  +  t  )u  /v  1  with  slope  given  by 

A(cf-o/2)  '  ,  so  that  c£  can  be  determined  from  this  slope.  Further,  the  ordinate 
intercept  should  be  (c£e/2 )  (A  In  ( c£  )  *  ^2+0-  u/uT)  when  ln[(yT+  <  lu^/v  ]  =  0,  and 
hence  A  u/ut  can  be  determined  from  it.  However,  it  is  not  always  easy  to  establish 
the  value  of  ,  to  the  accuracy  required.  The  methods  that  have  been  adopted  cannot  be 
gone  into  in  detail  here,  the  interested  reader  is  referred  to  References  3.4  and  3.8 

fd  such  details;  but  it  may  be  noted  that  the  use  of  other  methods  for  estimating  c£e 

(eg.  the  momentum  integral  equation  or  hot  wire  measurements  to  determine  the  eddy 
stress  near  the  wall)  can  provide  independent  checks  on  the  above  ’Clauser  plot1 

approach.  It  appears  that  t/k  =  0.5  for  zero  pressure  gradient  and  </k  =  0.2  for 

moderate  adverse  pressure  gradients.  The  experimental  data  of  a  number  of  different 
workers  all  provide  strong  support  for  the  above  analysis. 

From  equation  3(8)  we  have  seen  that  for  fully  developed  roughness  flow 

u/uT  =  A  ln(y/k)  +  C, 

where  C  is  a  constant  dependent  only  on  the  roughness  form.  If  we  compare  this  with 
equation  3(12)  we  see  that  we  can  write 

Ag/uT  =  A  ln(kuT  A)  +  D,  3  05) 

where  D  is  a  constant  dependent  only  on  the  roughness  form. 

Figure  3.7  taken  from  Reference  3.8  shows  Au/u,  plotted  against  log£0(ku1/v  )  for 
a  variety  of  regular  shaped  roughnesses  and  Figure  3.8  also  from  Reference  3.8  shows 
similarly  some  results  for  surfaces  covered  with  commercial  abrasive  papers  in  zero  and 
a  moderate  adverse  pressure  gradient.  Perry  and  Joubert  (Reference  3.4)  tested 
roughness  elements  identical  to  those  of  Moore  illustrated  in  Figure  3.7  but  in  the 
presence  of  adverse  pressure  gradients  and  their  results  fit  with  relatively  small 
scatter  the  mean  line  shown  in  Figure  3.7  passing  through  Moore's  results.  These 
results  show  that  the  above  law  of  the  wall  relations  for  rough  surfaces,  like  the  law 
of  the  wall  tor  a  smooth  surface,  are  insensitive  to  pressure  gradients  and  for  the  same 
basic  reason,  namely,  that  the  flow  in  the  region  concerned  is  determined  solely  by  uT, 
y  and  v  . 

The  above  discussion  refers  to  what  is  described  in  the  literature  as  k  type 
roughnesses,  i.e.  roughnesses  which  generate  eddies  which  are  convected  into  the 
boundary  layer  above  the  roughnesses  as  a  continuous  process  and  they  merge  with  the 
turbulence  there  to  augment  the  overall  momentum  loss.  However,  exceptionally,  if  the 
excrescences  are  of  a  simple  and  uniform  geometry  so  spaced  that  regular  vortices  form 
in  the  gaps  between  the  excrescences  and  remain  trapped  there  then  the  excrescences  and 
vortices  may  form  what  is  in  effect  a  smooth  contour  for  the  boundary  layt'  flow  above 
to  follow  with  no  additional  eddies  being  generated  to  disturb  it.  The  main  effect  on 
the  boundary  layer  is  that  it  lias  a  mixed  boundary  condition  at  the  level  of  the 
excrescences  of  partly  free  and  partly  solid  surface  and  the  streamlines  are  relatively 
smooth  and  undisturbed,.  Such  roughnesses  are  referred  to  as  d  type.  The  distinction 
between  the  two  types  is  illustrated  in  Figure  3.9.  It  is  evident  that  for  the  d  type 
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Figure  3-7.  Ju/u^  for  Different  Roughnesses 


k  =  0.425mm,  MODERATE  ADVERSE 
PRESSURE  GRADIENT 

k  =  0.425mm,  ZERO  PRESSURE 
GRADIENT 

k  =  0.58mm,  ZERO  PRESSURE 
GRADIENT 


Figure  3-8.  lu/u^  for  Abrasive  Papers  in  Zero  end  Moderate  Adverse  Pressure  Gradient  (Due  to  Blanchard) 
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•d‘  TYPE  ROUGHNESS 


Figure  3-9,  Sketches  Illustrating  V  and  'd1  Type  Roughnesses 
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the  excrescences  must  be  very  uniform  in  height,  since  small  variations  can  readily 
introduce  some  of  the  characteristics  of  k  type  roughnesses  into  the  flow.  Their  drag 
and  flow  effects  are  of  course  much  smaller  than  for  k  type  roughnesses  and  do  not 
reveal  any  direct  dependence  on  the  excrescence  height,  the  important  length  dimension 
seems  to  be  that  of  the  overall  flow,  e.g.  pipe  diameter  for  flow  in  a  pipe  or  boundary 
layer  thickness  for  flow  over  a  plate. 

The  existence  of  the  d  type  roughness  has  been  revealed  almost  accidentally  in  a 
few  investigations  of  regular  excrescence  patterns  and  of  the  effects  of  grooves 
regularly  scribed  in  an  otherwise  smooth  surface.  Perry,  Schofield  and  Joubert 
(Reference  3.9)  have  made  careful  investigation  of  a  d  type  flow  formed  by  transverse 
rectangular  section  bars  about  one  height  apart  in  both  zero  and  two  different  adverse 
pressure  gradients.  In  addition.  Wood  and  Antonia  (Reference  3.10)  have  examined  the 
turbulence  components  in  the  boundary  layer  above  the  excrescences  and  have  noted  little 
difference  from  the  corresponding  results  for  a  smooth  surface.  A  fuller  discussion  of 
the  drag  effects  of  discrete  excrescences  isolated  or  in  arrays  will  be  given  in  Section  4 


We  come  now  to  the  description  o'  the  boundary  layer  velocity  distribution  outside 
the  region  where  the  law  of  the  wall  applies,  i.e.  the  region  of  the  velocity  defect 
law.  Applying  the  arguments  already  applied  to  a  smooth  wall  (see  Section  2.1,2)  we 
again  infer  that  there 


i _  =  f  (  y/6),  for  o  plate  with  zero  pressure  gradient, 

UT  3  (16) 

=  fl  (  y/c),  for  flow  in  a  pipe. 


where  f  and  g  are  functions  to  be  determined  by  experiment.  For  flows  with  appreciable 
pressure  gradients  additional  parameters  involving  these  gradients  are  required  on  the 
right  hand  side. 

From  the  argument  that  roughness  effects  arc  essentially  confined  to  the  law  of  the 
wall  region  we  may  infer  that  the  forms  of  the  functions  f  and  g  are  the  same  for  rough 
as  for  smooth  walls.  This  is  well  borne  out  by  experimental  results.  Thus,  if  we  make 
use  of  Coles  Jaw  of  trie  wake  hypothesis  (see  Section  2.1.2,  equation  2(18))  wc  can  write 
for  ttie  velocity  distribution  in  the  boundary  layer 

u/uT  =  A  In  |  (yj  +  £)ut/v|  +  B  -  Au/uT  +n  A  w(y/6)  3(17) 

whore  w  (y/h  )  is  Coles'  wake  function,  given  witli  good  approximation  in  equation  2(19) 
and  ]  I  is  the  form  parameter  determined  by  the  pressure  distribution.  From  3(17)  it 
tollows  that  for  the  flow  over  a  plate 


u  /u_  =  A  In  (6  u_  /v  )  +  B  -  6u/uT  +2  IT  A 


and  hence 


u  -u 
e 


: -A  lr,(y/M  +  n  A|2-w(y/ft)  ]  ] 


where  we  have  written  y^yj+e. 

For  the  flow  in  a  pipe 

Ue  = -A  ln(y/a)  +  FI  A  [2-  w(y/a) ! . 


3  (18) 


3  (19) 


r 
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These  are  the  same  expressions  as  for  s  smooth  wall,  the  only  effect  of  the  roughness 
being  on  the  scaling  velocity  ut  . 

From  equations  3(15)  and  3(18)  it  follows  that  for  fully  developed  roughness  flow 

u  /u-  =  A  ln(& A)  +  B-D  +  2 II A 

e  ' 

or  (2/c,  )^2  =  A  In(tyk)  f  B-D  +  211  A.  3  (20) 

re 

3.3  Equivalent  Sand  Roughness  Concept 

The  wide  scope  of  Nikuradse's  results  for  the  closely  packed  sand  roughness  that  he 
tested  on  the  inner  surfaces  of  pipes  of  circular  section  and  the  ready  applicability  of 
the  Prandtl-Schlichting  relations  based  on  these  results  for  similarly  roughened  plates, 
wings  and  bodies  leads  to  the  hope  that  they  can  be  used  for  other  forms  of  roughness. 
Thus,  we  seek  to  determine  whether  for  any  given  form  of  roughness  there  is  an 
equivalent  sand  roughness  so  that  its  effect  on  surface  drag  etc.,  can  be  quickly 
derived  from  Nikuradse's  results  or  the  Prandtl-Schlichting  curves  (Figures  3.3,  3.4  and 
3.5). 


From  equation  3(8)  we  can  write  for  fully  developed  roughness  flow 

u/ur  =A  ln(^A) 

where  hfr  is  a  constant  dependent  only  on  the  type  and  distribution  of  the  roughness. 
For  Nikuradse's  sand  roughness  =  8.5,  equation  3(10).  If  the  velocity  profile  and 
the  corresponding  value  of  uT  for  a  given  type  of  roughness  are  to  be  the  same  as  for 
an  equivalent  sand  roughness  then  it  follows  that 

A  ln(kAs)  =  8.5  -  hff  3(23) 

where  k  and  ks  are  the  representative  heights  of  the  roughness  and  its  sand  equivalent. 
Thus,  if  we  determine  from  the  measured  velocity  profile  for  tie  roughness  k  under 
test  we  can  use  equation  3(21)  to  determine  the  equivalent  sand  roughness  kg. 

Schlichting  (Reference  3.11)  performed  a  series  of  tests  on  various  forms  of 
distributed  but  regular  excrescences  in  the  form  of  spheres,  spherical  segments,  cones, 
tight-angled  corner  pieces  or  various  sizes  and  spacings  on  one  wall  of  a  pipe  of 
rectangular  section.  He  was  able  to  establish  in  all  cases  an  equivalent  sand  roughness 
as  described  above.  your.g  (Reference  3,12)  measured  by  means  of  the  pitot  traverse 
method  the  profile  drag  of  a  wing  of  NACA  0012  section  at  zero  incidence  with  various 
paint  finishes  of  different  roughness  over  a  range  of  subsonic  speeds  and  he  likewise 
concluded  that  for  each  surface  an  equivalent  sand  roughness  could  be  determined,  A 
similar  result  followed  from  tests  of  thread  roughnesses  in  pipes  by  Streeter  (Reference 
3.13)  and  by  Moebius  (Reference  3.14),  commercially  rough  pipes  by  Moody  (Reference 
3.15)  and  of  transverse  rods  on  a  plate  by  Betterman  (Reference  3.7).  It  should  be 
emphasised,  however,  that  equation  3(21)  applies  only  to  the  fully  developed  roughness 
regime  ar  he  equivalence  does  not  necessarily  hold  in  the  intecrr.ediate  rough  regime. 

Various  attempts  have  been  made  to  relate  the  ratio  ft  •  k/kg  to  the  spacing  and 
shape  of  the  toughnesses  in  order  to  derive  a  method  for  predicting  ur .  The  most  effec¬ 
tive  appears  to  be  that  of  Grabow  and  White  (Reference  3.16)  who  have  predicted  a  as  an 
empirical  function  of  a  parameter  A  given  by 

A  =  (lA)  <a/a/'/3. 


3  (22) 
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where  i  is  the  mean  distance  between  roughness  elements,  k  is  the  mean  roughness 

height,  A  is  the  maximum  cross-section  area  of  a  roughness  normal  to  the  flow,  A  is 

P  s 

the  surface  area  of  a  roughness  forward  of  the  section  of  maximum  cross-section  area. 

_  1  /O 

We  can  interpret  St  as  N  /  ,  where  N  is  the  number  of  roughness  elements  per  unit 

surface  area.  A  presentation  of  Grabow  and  White's  correlation  updated  by  Blanchard 
(Reference  3.8)  to  include  his  own  results  is  shown  in  Figuce  3.10.  It  will  be  seen 
that  on  the  whole  the  mean  lines  shown  provide  a  reasonable  fit  to  the  data  analysed 
which  include  a  wide  range  of  different  forms  of  roughness,  although  the  scatter  is 
somewhat  masked  by  the  logarithmic  scaling.  A  striking  result  is  that  there  is  a 
minimum  value  of  a  (  =  0.15)  which  occurs  for  A  ==  5;  this  reflects  the  fact  that  for  a 

given  form  of  roughness  there  is  a  density  of  surface  packing  that  yields  a  maximum  drag 

increment.  If  che  roughnesses  are  more  closely  packed  than  this  then  they  become 
increasingly  immersed  in  the  wakes  of  upstream  roughnesses  and  the  total  drag  increment 
is  reduced.  If  they  are  less  tightly  packed  then  their  numbers  are  reduced  per  unit 
area  and  again  the  total  drag  increment  is  reduced.  Nikuradse’s  sand  grains  were  packed 
as  close  as  possible  and  their  drag  increment  was  well  below  the  maximum. 


A  =^-(A/Ap)4/3 


Figure  3-10.  Tire  E;  alent  San''  Roughness,  According  to  Grabow  6.  White.  (Data  used  Cover 
Wide  .,-nge  of  Different  Types  of  Roughness) 

With  the  aid  of  this  correlation  and  Nikuradse's  basic  sand  roughness  results  (as 
in  Figures  3.3,  3.4  and  3,5)  it  is  therefore  possible  to  make  an  estimate  of  the  dray 
effects  of  a  specified  form  of  distributed  roughness  in  turbulent  boundary  layers  in 
pipes  and  on  flat  plates  with  zero  pressure  gradient.  These  can  witn  little  further 
loss  of  accuracy  be  extended  to  wings  and  bodies,  particularly  if  a  plot  such  as  that  of 
Figure  3.5  is  used.  This  last  point  will  become  clearer  when  we  discuss  in  Section  5  in 
more  detail  the  effects  of  a  non-uniform  pressure  distribution. 
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3.4  Discontinuous  Changes  of  Roughness 

A  number  of  investigations  have  been  made  of  the  changes  in  velocity  distribution, 
turbulence  characteristics  and  surface  shear  stress  following  a  change  of  surface 
condition  from  smooth  to  distributed  roughness  and  vice  versa  with  and  without  a 
streamwise  pressure  gradient.  The  results  show  that  the  change  is  associated  with  the 
development  of  an  internal  boundary  layer  starting  at  the  point  where  the  change  is 
introduced  and  growing  within  the  existing  one.  At  a  sufficient  distance  downstream  the 
flow  becomes  that  associated  with  the  downstream  surface  condition.  Schofield 
(Reference  3.17)  has  made  an  analysis  of  the  available  data  and  relevant  theoretical 
work  and  his  main  conclusions  may  be  summarised  as  follows. 

Within  the  boundary  layer  close  to  the  wall  a  length  scale  z  can  be  determined  by 
writing 


u/uT  =A  ln(y/z). 

For  the  boundary  layer  on  a  smooth  wall  equations  2(11)  and  3(23)  lead  to 


3  (23) 


=  (2 cfe)1/2  (Vufl)  exp  (-B/A) 


3  (24) 


and  for  a  rough  wall  equations  3(12),  3(15)  and  3(23)  lead  to 


3  (25) 


If  we  write  Hi  for  the  new  internal  boundary  layer  thickness  then  Schofield  found 
that  the  available  data  were  reasonably  fitted  by  the  empirical  relation 

6.A2=  0.18(X/*/-92  3  (26) 


where  z?  is  the  value  of  z  downstream  of  the  change  and  Xg  is  the  streamwise  distance 
from  the  point  at  which  the  change  occurs.  This  proved  to  be  a  somewhat  better  fit  to 
the  data  and  easier  to  use  than  a  formula  previously  derived  by  Townsend  (Reference 
3.13)  for  zero  pressure  gradient. 

Almost  immediately  after  the  change  the  internal  boundary  layer  shows  a  logarithmic 
region  of  velocity  distribution  but  close  to  the  point  of  change  the  slope  and  intercept 
of  a  Ciauser  type  plot  can  only  be  made  consistent  with  other  methods  of  inferring  the 
skin  friction  if  the  quantity  A,  normally  constant  being  the  inverse  of  the  von  Karman 
constant,  is  assumed  to  vary  there.  This  is  not  unexpected  since  immediately  after  the 
change  begins  the  turbulence  characteristics  and  structure  still  reflect  in  large 
measure  the  upstream  conditions  Consequently,  the  ratio  of  the  eddy  stress  to  the  mean 
velocity  gradient,  and  hence  the  mixing  length  ?  ,  will  differ  from  that  to  be  expected 
in  a  developed  equilibrium  turbulent  boundary  layer.  Since  A  =  y/f  near  the  wall,  the 
quantity  A  (and  hence  the  von  Karman  constant  =  1/A)  can  also  be  expected  to  differ  near 
the  roughness  change  from  its  value  further  downstream.  However,  such  differences  be¬ 
come  i nsignif icauc  within  a  few  boundary  layer  thicknesses  downstream  of  the  change,  al¬ 
though  the  surface  shear  stress  may  take  several  boundary  layer  thicknesses  (about  15) 
to  achieve  the  dowrl stream  equilibrium  value.  The  surface  shear  stress  sometimes  shown  a 
non-monotonic  behaviour  close  to  the  point  of  roughness  change. 
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4.  DISCRETE  ROUGHNESS 

In  spite  of  much  contrary  effort  by  aerodynamicists,  the  external  surfaces  of  air¬ 
craft  are  marred  by  numerous  discontinuities  and  excrescences.  Many  of  these,  such  as 
pitot  tubes  and  certain  types  of  antennae  are  essential  to  the  aircraft  mission  and  must 
protrude  from  the  surface  in  order  to  function.  Others  are  a  result  of  compromises  for 
economy  of  manufacture,  and  are  in  a  sense  deliberately  chosen  rather  than  their 
smoother,  but  more  expensive  alternatives.  The  process  of  arriving  at  these  compromises 
is  very  inexact  because  of  the  dearth  of  information  on  the  many  types  of  surface 
imperfections  which  may  be  encountered. 

Wind  tunnel  experiments  in  the  years  preceding  World  War  II  provided  systematic 
data  on  the  drag  of  the  types  of  roughnesses  which  were  at  that  time  most  offensive. 
This  work  was  inspired  to  a  great  extent  by  a  1929  paper  (Reference  4.1)  by  B.  M.  Jones 
titled  "The  Streamline  Aeroplane"  which  focused  attention  on  the  drag  components  of 
airplanes  which  could  be  eliminated  as  opposed  to  those  which  are  unavoidable.  "Fluid 
Dynamic  Drag"  by  Hoerner  (Reference  4.2),  the  first  edition  of  which  appeared  in  1951, 
presents  a  comprehensive  review  of  drag  due  to  surface  roughness  as  well  as  from  other 
sources . 

More  recently  a  number  of  experiments  have  been  completed,  largely  by  the  RAE, 
updating  the  basic  data  on  discrete  roughness  to  the  flight  conditions  (Reynolds  number 
and  Mach  number)  which  are  pertinent  to  modern  aircraft,  and  utilizing  recent 
developments  in  boundary  layer  theory  to  provide  a  sound  basis  for  correlation  and 
application.  Sections  2  and  3  have  reviewed  the  boundary  layer  theory  and  its 
implications  regarding  drag  due  to  roughness.  This  section  will  review  a  number  of  the 
available  data  sources  to  show,  where  possible,  the  correlation  of  the  older  data  with 
that  more  recently  becoming  available,  and  to  show  the  areas  in  which  information  on 
this  subject  is  still  sparse,  or  weakly  substantiated. 

4.1  General  Considerations 

The  net  drag  increase  due  to  surface  roughness  results  from  a  fairly  complex 
combination  of  interacting  phenomena  which  might  be  listed  as; 

o  Pressure  forces  on  the  protuberance  itself. 

o  Changes  in  the  local  surface  shear  forces  forward  and  aft  of  the  protuberance. 

o  A  modification  in  the  development  of  the  boundary  layer  downstream  of  the 
protuberance . 

o  Potential  separation  due  to  the  added  disturbance. 

Since  all  of  these  phenomena  can  be  influenced  by  pressure  gradients  in  the  flow 
about  the  basic  body,  it  is  apparent  that  the  real  drag  increase  can  be  highly 
configuration  dependent.  Practical  utilization  of  general  data  on  this  subject  demands 
therefore  that  experiments  be  performed  with  the  roughness  elements  in  the  total  flow 
field  in  which  they  are  being  considered,  or  that  the  unique  conditions  of  the  flow 
field  can  be  adequately  accounted  for.  Fortunately,  a  number  of  these  effects  are  small 
enough  to  be  ignored  and  others  can  be  handled  analytically.  Most  tests  to  obtain  basic 
data  on  roughness  drag  are  therefore  conducted  on  flat  plates  in  a  wind  tunnel  and  are 


applicable  to  a  wide  variety  of  airplane  applications.  Methods  for  extending  these 
results  to  arbitrary  pressure  distributions  will  be  discussed  in  Section  5. 


In  some  instances.  References  4.3  to  4.5  for  instance,  the  drag  of  roughness 
elements  is  determined  by  measurements  of  the  drag  of  flat  plates  of  limited  extent  with 
and  without  the  element  attached.  The  difference  between  these  measurements  represents 
therefore  the  forces  acting  on  the  element  plus  the  difference  in  skin  friction  on  the 
plate  ahead  of  and  behind  the  element.  In  other  cases  such  as  Reference  4.6,  pressure 
distributions  on  the  element  are  integrated  to  obtain  the  drag.  These  two  types  of  data 
are  generally  used  interchangeably.  The  change  in  skin  friction  on  the  measuring  plate 
is  probably  small  in  comparison  with  the  direct  force  on  the  element,  but  such  data 
could  be  applied  with  greater  confidence  if  more  were  understood  regarding  this 
phenomenon  and  if  more  were  known  about  changes  in  skin  friction  downstream  of  the 
plate. 


In  some  few  instances,  the  effect  of  local  pressure  gradients  has  been  determined 
for  roughness  elements.  In  Reference  4.6  for  instance,  it  was  determined  that  the 
pressures  on  the  upstream  face  of  a  disturbance  consisting  of  a  spanwise  plate  erected 
on  a  wind  tunnel  wall  were  unaffected  by  changes  in  local  pressure  gradient.  The  net 
drag  was  changed  by  as  much  as  25*  however  as  a  result  of  changes  in  base  pressure  when 
tested  in  adverse  pressure  gradients.  Only  isolated  instances  of  data  showing  pressure 
gradient  effects  exist  in  the  literature. 

The  adverse  pressure  gradients  which  must  exist  on  the  after  portion  of  closed 
bodies  can  also  produce  significant  effects  on  the  total  drag  contribution  of  roughness 
elements.  Nash  and  Bradshaw  (Reference  4.7)  present  an  analysis  showing  that  the  drag 
contribution  of  such  roughness  can  be  magnified  by  up  to  3  or  4  times  for  downstream 
pressure  gradients  which  might  exist  on  reasonable  airfoil  shapes.  In  Section  5  their 
analysis  is  discussed  in  more  detail  and  some  results  are  presented  showing  that 
exceptionally  large  magnification  factors  can  arise  for  roughness  on  sensitive  parts  of 
a  high  lift  multi-component  airfoil. 

There  exist  in  the  literature  several  collections  of  data  on  roughness  effects,  and 
in  some  cases  data  have  been  generalized  to  provide  prediction  techniques.  The  data 
sheets  provided  by  the  Engineering  Sciences  Data  Unit  in  the  United  Kingdom  and  the 
Datcom  in  the  United  States  include  examples  of  the  latter.  Since  these  data  sources 
are  widely  known  and  generally  available,  they  are  not  referenced  in  detail  here.  The 
data  presented  herein  in  some  cases  provide  an  independent  evaluation  of  some  of  the 
same  information  presented  in  those  sources. 

4.2  Individual  Excrescences  or  Protuberances 

This  section  will  consider  those  individual,  local  surface  disturbances  such  as 
fastener  heads,  protruding  functional  devices,  and  holes  as  opposed  to  items  such  as 
skin  joints  which  span  large  percentages  of  the  wing  span  or  chord  and  which  will  be 
taken  up  in  a  subsequent  section.  By  far  the  largest  number  of  surface  imperfections  on 
aircraft  skins  are  caused  by  the  fasteners  which  provide  structural  attachments.  When 
installed  properly,  the  drag  of  each  such  fastener  is  miniscule,  but  their  large  number 
causes  them  to  become  an  important  consideration. 

4,2,1  Fastener  Drag 

Several  different  types  of  data  on  drag  caused  by  structural  faste7iers  are 
available  in  the  literature. 


o 


One  typo  is  based  an  some  of  the  early  work  done  by  Schlichting  and  associates 
during  water  channel  and  wind  tunnel  tests  to  establish  the  "equivalent  sand 
roughness"  concept  referred  to  in  Section  3.3,  Following  the  Nikuradse 
pipeflow  experiments,  Schlichting  (1937)  tested  a  number  of  rough  plates  with 
distributed  roughness  where  the  geometry  of  the  roughness  elements  was 
controlled.  He  varied  the  cross-sectional  shape  and  density  of  various 
roughness  elements  and  established  the  equivalent  height  of  sand  roughness  for 
which  the  drag  would  be  equal  for  each  configuration.  Some  of  the  shapes 
tested  by  Schlichting  are  crude  representations  of  fasteners:  i.e.,  spherical 
segments,  cones,  and  indentations  representing  flush  rivets. 

o  Wind  tunnel  and  flight  test  data  on  airfoils  and  wings  having  various  fastener 
patterns  represent  a  second  type  of  data  available  on  fastener  drag.  These 
experiments  were  done  during  the  1930's  and  40 ’s.  The  results  tend  to  be 
configuration-dependent.  However,  they  are  practical  examples  of  fastener 
drag . 

o  A  third  type  of  data  for  fastener  drag  is  based  on  the  work  of  Wieghardt 
(1942)  and  Tillmann  (1944).  In  these  experiments,  systematic  variations  of 
geometric  parameters  were  carried  out.  Drag  is  based  on  the  "single-element‘; 
or  the  discrete  roughness  approach.  These  data  have  more  recently  been 
supplanted  by  the  results  of  tests  by  Gaudet  and  Winter,  Reference  4.5,  for 
instance , 

Three  basic  methods  for  calculating  the  drag  of  fasteners  were  determined  from  the 
literature  and  a  fourth  approach  was  developed  from  a  correlation  similar  to  those  made 
recently  by  the  RAE  for  the  drag  of  two-dimensional  steps.  The  latter  method  is 
suggested  since  it  follows  from  the  same  logic  that  led  the  RAE  researchers  to  their 
approach:  the  drag  of  excrescences  which  are  deeply  immersed  in  the  boundary  layer 
should  be  related  to  the  inner  boundary  layer  parameters. 

Method  A 


This  method  was  detailed  by  Young  in  1939  (Reference  4.8)  and  is  an  empirical 
formula  approach.  The  empirical  formula  is  attributed  to  the  previous  work  of 
Schlichting  in  which  drag  is  correlated  using  velocity  at  top  of  the  rivet,  and  a 
further  observation  by  Young  that  the  drag  coefficient  for  rivets  is  directly 
proportional  to  the  height-to-diameter  ratio  (h/d).  This  method  is  a  quick  (rough 
order  of  magnitude)  approach. 

Method  B 

This  method  follows  from  the  distributed  roughness  data  of  Schlichting  and  would  be 
appropriate  where  the  coverage  is  sufficiently  dense  to  be  considered  fully  rough. 
However,  a  modification  to  this  approach  is  described  for  cases  where  there  is 
doubt  as  to  its  applicability. 

Method  C 

The  third  method  is  based  on  the  experimental  work  of  Wieghardt.  This  is 
essentially  the  method  described  in  Hoerner  where  an  "independent"  drag  coefficient 


is  found  based  on  the  frontal  area  and  the  effective  dynamic  pressure  acting  over 
the  rivet. 


Method  D 


This  method  uses  the  Wieghardt  data  of  Method  C,  but  the  drag  coefficient 
correlation  is  based  on  the  local  skin  friction  and  a  Reynolds  number  based  on  the 
roughness  height  and  local  friction  velocity. 


Five  of  the  examples  of  "practical"  fastener  experiments  were  chosen  to  evaluate 
the  prediction  methods.  The  results  are  shown  in  Figure  4.1.  Essential  details  of 
these  five  data  sources  are  given  below: 


DRAG  INCREASE 
ACD  =  DUE  TO  FASTENERS 

%  SW 


O  WILLIAMS 
□  WILLIAMS 
A  YOUNG 
V  HOOD 
O  FENTER 


-1"  PLATE  (REF  4.9) 

-NACA0012  (REF  4. 10) 

-NACA2417  (REF  4.8) 

-  NACA  23012  (REF  4.11) 

-  PLATE,  M  =2.23  (REF  4. 12) 


METHOD  A  -  YOUNG  METHOD  B  -  SCHLICHTING 


Figure  4,1  Fastener  Drug  Correlation 
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Williams  1"  Plate,  Reference  4.9 

Flat  plate  with  rounded  nose  and  tapered  trailing  edge.  Tested  with  150  rivets  on 
each  surface  spaced  at  1.5".  Reynolds  numbers  from  1  x  10**  to  24  x  106  on  2  foot 
chord , 

Williams  naca  0012,  Reference  4.10 

5376  simulated  rivets  on  8-1/4  inch  chord  two-dimensional  airfoil,  Reynolds  number 
to  9  x  106. 

Young  NACA  2417,  Reference  4.8 

Glove  added  to  aircraft  wing.  Tested  with  various  roughness  elements.  36,  43,  or 
49  rows  of  rivets  spaced  1"  chordwise  and  6"  spanwise,  Reynolds  numbers  to  18  x 
106. 

Hood  NACA  23012,  Reference  4.11 

2500  Brazier  head  rivets  on  5  foot  chord  two-dimensional  airfoil.  Reynolds  numbers 
to  18  x  106. 

Fenter  Plate.  H  =  2.23,  Reference  4.12 

Flat  plate  in  wall  of  wind  tunnel  with  117  simulated  rivet  heads.  Reynolds  numbers 
to  20  x  106. 

Estimates  of  the  drag  caused  by  these  fastener  arrays  were  made  using  each  of  the 
four  methods  outlined  above.  The  following  paragraphs  discuss  the  basis  for  each  of  the 
estimation  methods. 

4. 2. 1.1  Method  A.  Young  (1939),  Reference  4.8 

He  refers  to  Schlichting ' s  work  which  suggests  that  the  drag  of  a  rivet  is  given  by 
2 

P  =  C  U/2R  u  )  t  4(1) 

R  f  h 

R 

where  DR  -  drag  of  the  rivet 


C£  =  coefficient,  function  of  rivet  shape 
R 


uh  =  vel°city  in  boundary  layer  at  height  h  of  the  rivet 
f  =  frontal  area  of  rivet 

Young  shows  several  points  which  substantiate  that  C£  =  1.5  (h/d). 

R 


He  goes  on  to  derive  equations  for  the  drag  increment  due  to  rivets  for  a  wings 
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.2  ,  2/7 

fiCD  =4.05 -5-  N(A)  (1  +  1.5  (t/c)) 
R 


and  fuselage: 


2  A 


4(2) 


4(3) 


These  equations  are  developed  using  approximations  for  boundary  layer  thickness  and 
for  the  supervelocity  on  the  airfoil  surface  due  to  thickness  ratio,  t/c. 


young's  method  is  an  application  of  the  "independent"  drag  coefficient  concept 

where  an  overall  coefficient,  in  this  case  C,  ,  was  chosen.  His  function 

R 


Cf  =  1.5  (h/d) 
R 


4(4) 


was  derived  from  some  of  the  early  low  Reynolds  number  data  and  consequently  the 
correlation  shown  in  Figure  4.1  is  quite  good.  Since  the  method  is  independent  of 
Reynolds  number,  the  method  does  not  always  correlate  well  for  data  where  the  Reynolds 
number  was  varied  during  the  experiment.  This  method  might  be  considered  useful  for 
quick  estimates  and  is  applicable  only  to  brazier-head  fasteners, 

4. 2. 1.2  Method  B.  Schlichting  (1936),  Reference  4.13 

The  primary  data  base  for  establishing  the  effects  of  density  for  roughness 
elements  was  developed  by  Schlichting  in  an  effort  to  relate  practical  examples  of 
manufacturing  roughness  on  ships  to  the  sand  paper  roughness  experiments  of  Nikuradse. 
He  systematically  varied  the  spacing  of  a  number  of  roughness  elements,  some  of  which 
are  similar  to  fasteners,  and  determined  the  equivalent  height  of  sand  grain  particle 
which  matched  each  roughness  configuration.  These  results  can  be  used,  in  conjunction 
with  the  sand  grain  roughness  data  of  Nikuradse,  to  find  the  drag  coefficient  for 
fastener  problems  where  the  coverage  is  dense  enough  to  be  considered  distributed 
roughness.  Figure  4.2  shows  the  Schlichting  data  for  each  configuration  tested.  These 
results  have  been  collapsed  into  a  more  yeneiai  curve  relacing  density  and  the  roughness 
ratio,  kg/k,  iri  Figure  3.10. 
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Procedure  for  Implementing  Method  B: 

Since,  in  general,  the  entire  area  may  be  covered  by  roughness,  some  assumptions 
regarding  the  flow  conditions  and  apportionment  of  areas  for  each  segment  must  be  made. 
The  following  example  illustrates  the  recommended  procedures: 


Zone  1  =  Laminar  Flow 


Zone  2  =  Smooth  Turbulent  Flow  S  =  TOTAL 

P  PLATE 

Zone  3  =  Rough  Turbulent  Flow  AREA 


RNF  =  Freestream  Reynolds  Number/Foot 


The  incremental  drag  due  to  roughness  is  calculated  by  first  calculating  the  total 
drag  for  the  mixed  flow  case  and  then  subtracting  the  drag  for  an  assumed  "smooth-flow" 
case.  For  the  mixed  flow  case,  the  total  drag  is  found  by  determining  the  total 
momentum  loss  at  the  trailing  edge.  This  requires  knowledge  of  the  effective  origin  of 
the  flow  for  each  segment,  illustrated  by  the  dashed  extrapolations  of  Segments  (2)  and 
(3)  in  the  sketch. 

An  approximation  to  this  case  can  be  made  by  calcu  ating  the  drag  of  each  segment 
separately  (as  an  isolated  case)  with  the  origin  assumed  to  occur  instantaneously  at  the 
beginning  of  the  segment.  Thus, 

Fur  Zone  1 ,  4(5) 


R,  -  x  (RNF) 


CD  =(CF  )  *  — - 
I  lominor  0  ^ 

RI 

where  (Cp  )  is  the  laminar  skin  friction  coefficient 

laminar  „ 

R1 


at  Reynolds  Nunfcer  -  R^ 


For  Zone  2, 


R2  =  u  2)x  (RNF) 


:D  =(CF  )  x  ip 


where  (Cc 


is  the  smooth  turbulent  flow  skin  friction  coefficient 


at  Reynolds  number  =  R 
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For  Zone  3, 

R3  =  (t  3)x  (RNF) 

CD  =<CF  5  * 

3  rough  p  ^ 

*3 


where 


(Cp  )  is  the  rough  turbulent  flow  skin  friction  coefficient 
rough  n 
K3 

at  Reynolds  Number  =  R3  and  at  the  equivalent  sand  roughness. 


The  total  drag  is 


'S  *Cd2*S 


For  the  "all-smooth"  case,  Zone  2  extends  to  the  trailing  edge  and  the  drag  is 
similarly  calculated  for  two  segments. 

Finally,  the  incremental  drag  due  to  roughness  is 


(*Cn> 


=  C„ 


-c„ 


rough 


mixed  flow 


smooth 


4(7) 


4(8) 


4(9) 


Since  this  method  is  based  on  the  assumption  that  the  fasteners  are  uniformly 
distributed  over  the  area  covered,  the  use  of  Figure  3.10  may  not  provide  an  accurate 
prediction  where  rows  of  rivets  are  spaced  further  apart  spanwise  than  in  the  flow 
direction  as  illustrated  below; 


Figure  4.3  Pro-Rated  Area  Concept 


In  this  case,  a  better  correlation  may  be  possible  by  using  a  pro-rated  area  based 
on  a  strip  of  width  equal  to  three  times  the  diameter  of  the  fastener.  It  is  assumed 
that  no  drag  increase  occurs  in  the  area  between  strips.  This  was  done  for  several  of 
the  correlations  in  Figure  4-1  and  as  can  be  seen,  an  improved  correlation  was  possible. 


p 


5K 

4. 2, 1.3  Method  C.  Wieghardt  (  1942),  later  Hoerner 

This  method  refers  to  the  general  approach  of  using  certain  experimental  results, 
as  published,  for  finding  the  for  a  specific  type  of  fastener.  Here,  0nm  =  D/gf 

where  q  is  the  mean  dynamic  pressure  in  the  boundary  layer  up  to  the  height  of  the 
fastener  and  l  is  fastener  frontal  area.  Sine  e  the  Wieghardt  tests  (which  were 
supplemented  by  Tillmann)  (References  4.1  and  4.4),  contain  the  largest  available 
systematic  data  base,  his  name  was  chosen  to  identify  this  method.  These  results  also 
represent  the  basis  for  that  portion  of  Hoerner's  work  covering  fastener  drag. 

Several  different  investigations  were  made  and  these  will  be  discussed  separately. 

(1)  Round-head  and  flat-round  fasteners 


Wieghardt  tested  three  different  he ight-to-d iameter  ratios  (h/d)  and  varied  the 
height  and  Reynolds  number  to  obtain  the  data  shown  on  Figure  4.4  (Wieghardt  Figure  45 
data).  These  data  show  a  decreasing  CDm  with  increasing  and  this  trend  is  counter  to 
the  trend  observed  with  other  roughness  elements.  Hoerner  explains  that  this  is  similar 
to  the  "critical  Reynolds  number"  behavior  of  spheres.  The  height  relative  to  boundary 
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Figure  4.4  Drag  of  Round  and  Flat  Heed  Fasteners  vs  Reynolds  Number 
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layer  thickness,  h/fi  ,  for  the  bulk  of  these  configurations  was  large  (  . 1 — "-1.5)  so  that 
the  behavior  would  be  expected  to  approach  that  of  freestream  isolateo  bodies  -  thus  a 
decreasing  drag  vs.  Reynolds  number  could  be  experienced  at  some  Reynolds  number.  It  is 
also  observed  that  results  for  the  lowest  h/fi  tend  to  agree  with  the  data  taken  by 
Wieghardt  for  small  cylindrical  head  shapes  (Wieghardt's  Figure  39  data).  Thus,  for 
practical  applications,  who -e  the  h/fi  would  be  quite  small,  the  CDm  might  be  expected  to 
be  larger  than  indicated  by  the  parametric  results,  perhaps  bounded  by  the  dashed  line 
ir.  Figure  4.4,  However,  for  the  correlations,  shown  in  Figure  1  for  Method  C,  the 

parametric  results  were  used. 

(2)  Cylindrical-head  bodies 

Wieghardt  tested  a  large  range  of  sizes  of  cylinders  normal  to  the  flow.  Those  of 
large  diameter  to  height  ratio  (d/h  >  10)  and  small  h/fi  are  considered  representations 

of  rivet  heads.  These  are  shown  in  Figure  4.4  as  Wieghardt's  Figure  39  data.  A  linear 
variation  of  CDm  vs.  Rh  is  indicated  for  these  data.  It  is  interesting  to  note  that 

these  data,  when  plotted  in  the  RAE  format  (C^/C^  vs  u^h/v )  ,  agree  very  well  with  the 

drag  of  forward  facing  steps,  (see  Section  4. 2. 3.1). 

(3)  Countersunk  cylindrical-head 

Weighardt's  results  for  a  simulated  countersunk  rivet  are  shown  in  Figure  4.5. 

Since  the  h/fi  values  indicated  by  these  data  are  very  small,  h/fi  =  .003  -  .015,  the 
overall  accuracy  is  suspect  and  these  results  are  only  shown  as  an  indication  of  the 

*JT  2 

trends  and  relative  magnitude.  Here  Crjp  =  A  D/q^  -y  d 


Figure  4.5  Drug  of  Countersink  Rivets 


(4)  Special  shapes  (Three-Dimensional) 


Hoerner  (Figures  13  and  14)  shows  single  "independent"  drag  coefficients  for  a 
number  of  3-D  protuberances.  He  attributes  these  to  Wicghardt  and  Tillmann.  Some  of 
these  shapes  (cylindrical,  round-head,  flat-head,  flush  rivet  and  bolts)  are  the  same  as 
reported  above  and  he  has  selected  some  kind  of  average  or  nominal  CDm.  One  shape,  the 
hex-head  nut  was  tested  by  Tillmann  separately  and  again  Hoerner  selected  a  typical  C^. 
Some  of  the  other  shapes  could  not  be  found  (screw,  bracket,  pins,  etc.).  In  general, 
the  drag  coefficients  for  these  different  shapes  can  be  approximated  by  the  line 
previously  discussed  for  cylindrical  head  shapes  (Figure  4.4).  The  data  for  Method  C 
shown  in  Figure  4.1  were  estimated  using  Figure  4.4  and  the  multiplication  factor  of 
Nash  and  Bradshaw,  reference  4.7,  (see  also  Section  5.1).  The  correlation  is  generally 
quite  good  although  the  Williams  flat  plate  data  and  Fenter  supersonic  data  are  much 
lower  than  the  estimate.  No  multipl  icaton  factor  was  applied  to  either  of  these 
estimates . 

4. 2. 1.4  Method  D.  Modified  Wieghardt  Correlation 

In  order  to  examine  the  behavior  of  Wieghardt' s  rivet  drag  results  with  respect  to 
the  newer  correlation  methods  of  the  RAE  research,  the  round-head  fastener  data  of 
Wieghardt  (his  Figure  45)  were  expressed  in  the  form 

S,/Cf,“,(l’*>  4<l0> 

where  h+  =  uT  h/v  »  roughness  Reynolds  number,  and  Wieghardt.' s  drag  coefficients  were 
converted  to  CQe  =  D/qe  fg. 

The  concept  of  relating  the  drag  of  disturbances  immersed  in  a  turbulent  boundary 
layer  to  the  law  of  the  wall  similarity  parameters  was  discussed  in  1967  by  Good  and 
Joubert,  Reference  4.6.  Their  measurements  of  pressures  on  two-dimensional  plates 
perpendicular  to  a  wall  showed  that  the  plate  drag  was  correlated  very  well  by  relating 

to  uT  h/v  for  plate  heights  up  to  0.58.  The  forward-face  pressure  forces,  in 
fact,  correlated  well  for  heights  greater  than  6  .  A  velocity  defect  concept  was  evolved 
which  properly  correlated  the  plate  drag  for  all  heights  tested.  These  concepts  have- 
been  found  to  be  very  powerful  in  correlating  drag  measurements  for  a  variety  of 
excrescences  which  are  smaller  than  the  boundary  layer  thickness,  as  is  generally  the 
case  for  surface  imperfections. 

The  resuLts  are  shown  in  Figure  4,6,  The  tendency  for  the  drag  coefficient  to 
decrease  with  increasing  Reynolds  number  still  predominates  and  a  linear  variation  of 

t'De//Cfe  vs  (h+)  is  indicated.  The  effect  of  shape,  through  the  height-to-diameter 
ratio,  is  obvious  at  the  higher  roughness  Reynolds  number.  For  the  lower  values  of  h+ , 
there  is  a  tendency  for  the  data  to  follow  the  characteristic  shape  of  the  RAE  data  for 
steps  and  ridges.  In  fact,  the  round  ridge  curve  appears  to  act  as  a  cut-off  for  the 
low  Reynolds  number  data  tor  h/d  -  0.5. 

The  existence  of  a  cut-off  is  reasonable  when  consideration  is  given  to  the  RAE 
results.  The  step  and  t  idge  dray  coefficients  are  based  on  frontal  area,  normal  to  the 
airflow,  as  are  the  Wieghardt  rivet  drag  coefficients.  Both  are  also  based  on 
freestream  dynamic  pressure.  Thus,  it  is  unlikely  that  the  rivet  drag  coefficient  could 
significantly  exceed  that  of  a  2-D  step  or  ridge  of  the  same  height.  Consequently,  the 
RAF.  round-ridge  curve  is  assumed  to  be  the  correct  variation  for  values  of  h*  below  the 
point  of  intersection  with  the  constant  (h/d)  lines  of  Figure  4.6. 
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WIEGHARDT  DATA  (REF  4.3) 
K=2.7  7.1  X  106 


O  «  h/d  =0,2 

□  d  ^/^  =0,3 

a  a  h/d  =0.5 


Figure  4.6  Comparison  of  WeigHardt  Data  for  Round-head  Fasteners  with 
Winter/  Qaudet  Data  for  two  Dimensional  Round  Ridges. 

Some  additional  data  for  rivets  having  a  h/d  equal  to  0.2  are  shown  in  Figure  4,6a. 
As  shown,  increase  of  h+  to  values  above  about  2000  causes  a  reversal  in  the  variation 
of  Coe/CfG  and  a  subsequent  rather  steep  rise.  The  phenomena  underlying  these  complex 
variations  are  not  understood. 

tor  the  comparison  shown  in  Figure  4.1,  data  from  the  correlation  of  Figure  4.6 
were  used  and  increased  by  a  multiplication  factor  based  on  the  concept  of  Reference 
4.7.  In  summarizing  the  comparisons  of  Figure  4.1,  none  of  the  methods  stands  out 
clearly  from  the  data  presented.  From  a  consideration  of  the  fundamental  correlation 
shown  in  Figure  4.6  and  its  compatibility  with  excellent  correlations  for  other  types  of 
protuberances,  shown  later.  Method  D  is  preferred.  The  failure  of  the  supersonic  data 
to  correlate  is  perhaps  not  an  outstanding  drawback  and  the  flat  plate  data  of  Williams 
might  be  improved  sligntiy  if  a  magnification  iattui  calculated  from  Reference  4,7  were 
applied . 


4,2,2  Two-Dimensional  Cylinders 

Since  the  drag  of  many  aircraft  excrescences  can  be  approximated  by  data  on 
cylindrical  models,  these  models  have  been  studied  extensively.  While  the  items  for 
which  these  results  ace  most  useful  are  generally  of  high  aspect  ratio,  cylinder  data 
for  the  complete  range  from  sub-boundary  layer  lengths  to  infinite  aspect  ratio  are 
included  in  this  section  for  continuity.  The  small-height  data  are  included  also  in  the 
section  on  fastener  drag. 

4. 2. 2.1  Circular  Cylinder  Drag 

The  circular  cylinder  has  been  generally  used  as  the  basic  model  for  cylinder  drag 
research,  starting  with  the  two  dimensional,  or  infinite  length  cylinder.  For  incom¬ 
pressible  flow,  the  drag  of  a  two  dimensional  cylinder  is  predominately  a  function  of 
Reynolds  number,  normally  expressed  in  terms  of  the  cylinder  diameter,  . 


Figure  4.6a  Drag  of  Rivers  -  Subsonic  Speeds 

The  relationship  between  cylinder  drag  based  on  frontal  area,  C^and  Reynolds 
number,  R^,  has  been  extensively  verified  such  that  the  results  are  considered 
classical.  Hoerner's  compilation  for  this  case.  Reference  4,2,  is  repeated  in  Figure 

Q 

4.7  for  R,  ranging  from  0.01  to  10  .  The  critical  Reynolds  number,  where  laminar  sep- 
d  5 

aration  transition;'  to  turbulent  flow,  is  seen  to  occur  at  R,  —  4  x  10  .  An  expanded 

4  6  a 

version  over  the  range  from  =  10  to  10  ,  from  Reference  4.14  is  shown  in  the  upper 
part  of  Figure  4.7. 


4. 2. 2. 2  Roughness  Effects 

The  existence  of  uniform  roughness  on  the  cylinder  or  turbulence  in  the  freestream 
tends  to  cause  the  transition  to  turbulent  flow  to  occur  at  a  lower  Reynolds  number  and 
the  cylinder  to  have  a  higher  supercritical  drag  coefficient.  Typical  results  from 
Reference  4.2  are  shown  in  Figure  4.8,  where  the  degree  of  roughness  is  expressed  as  the 
ratio  of  sand-grain  size,  k,  to  cylinder  diameter. 

4. 2. 2. 3  Cross-Sectional  Shape  Variations 

The  effect  of  cross-sectiorial  shape  on  2-D  cylinder  drag  was  investigated  for  a 
number  of  conventional  shapes  by  Delany,  Reference  4-14.  The  results  for  the 
"sub-critical"  Reynolds  number  ranges  are  summarized  in  Figure  4.9.  Rounding  the 
corners  was  determined  to  have  a  profound  effect  on  the  sub-critical  drag  coefficient  as 
well  as  the  supercritical  Reynolds  number  effects.  Since,  for  most  practical  aircraft 
applications,  the  Reynolds  number  for  cylindrical  components  would  be  subcritical,  the 
effects  of  rounding  on  the  supercritical  drag  variation  is  not  included  here. 
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Figure  4.7  Drag  of  c  Circular  Cylrnder  Normal  to  the  Flow 
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SOURCE:  NACA  TN  3038,  1953 

DELANY,  N.  K.  &  SORENSEN,  N.  E. 

LOW-SPEED  DRAG  OF  CYLINDERS  OF  VARIOUS  SHAPES 

MODEL:  CIRCULAR,  ELLIPTICAL,  RECTANGULAR,  DIAMOND  AND 

TRIANGULAR  SHAPED  CYLINDERS  SPANNING  A  WIND  TUNNEL 

TEST  CONDI  i  IONS:  LOW  SPEED,  RN  UP  TO  2-3  X  106  PER  FOOT  AND 

PER  DIAMETER  (I  FT  DIAMETER) 
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Figure  4.9,  Effecf  of  Cross-Sectional  Shape  on  2-D  Cylinder  Drag 


4. 2. 2. 4  Cylinder  Inclined  to  Flow  (Wires) 

For  a  cylinder  inclined  to  the  flow  direction,  such  as  a  tow  cable  or  antenna  wire. 
Reference  4.2  has  shown  that  the  drag  may  be  related  to  the  basic  cylinder  by  the 
cross-flow  principle.  Under  cross-flow  conditions,  the  net  force  normal  to  the  cylinder 
is  only  related  to  the  velocity  component  normal  to  the  basic  cylinder  axis.  At  some 

flow  angle,  a  ,  the  effective  velocity  component  is  V  xs'n  a  arid  the  dynamic  pressure  is 

2  ° 
q  x  sin  <r.  Thus,  the  normal  force  coefficient,  based  on  area  along  the  cylinder  axis  and 

freestream  q,  is 


C. .  =  Q 
N  On 


.  2 

x  sin  cl 


and  the  drag  coefficient  in  the  freestream  direction  is 

<CD)  =CDn*s!n3t 

inclined  ~ 


402) 
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For  a  circular  cylinder,  at  sub-critical  Reynolds  numbers,  the  drag  coefficient 


would  be 


<CDLii..d 


1  .0  tin^  a 


where  the  1,0  value  for  CUjr  is  shown  on  Figure  4.7.  Reference  4,2  points  out  that  t  e 
cross-flow  principle  cannot  be  applied  for  supercritical  Reynolds  number  conditions.  A 
constant  CD7j.  value  of  0.2  is  recommended  for  sweep  angles  up  to  50  degrees. 

It  must  be  kept  in  mind  that  the  above  argument  is  based  on  a  drag  coefficient 
defined  using  a  constant  area  as  viewed  along  the  cylinder  axis.  Some  later  data 

(Sections  4. 3. 1.2. 3  and  4. 3. 2. 3)  consider  a  drag  coefficient  defined  using  projected 

2 

frontal  area,  in  which  case  the  drag  coefficient  varies  as  sin  a. 

4,2.3  Finite  Length  Cylinders 

One  of  the  first  comprehensive  studies  of  finite  length  or  protruding  cylinders  was 
accomplished  during  the  systematic  investigation  of  surface  irregularities  by  Wieghardt, 
Reference  4.3.  Through  use  of  a  moveable  floating-element  balance  technique,  and  by 
varying  geometric  parameters,  he  produced  a  very  useful  data  base  for  the  drag  of 
numerous  aircraft:  surface  irregularities.  In  particular,  he  determined  the  effects  of 
height,  diameter  and  Reynolds  number  on  circular  cylinders  which  are  small  relative  to 
the  local  boundary  layer.  These  results  were  obtained  at  incompressible  flow  conditions 
and  sub-critical  Reynolds  numbers. 

More  recently,  Usuci-cf  and  Winter  at  RAD,  Reference  4.5,  and  Pallister  at  ARA, 
Reference  4.15  have  investigated  Mach  number  at  well  as  Reynolds  number  and  geometry 
effects  on  protruding  cylinders. 

This  work  bridges  the  gap  between  the  infinite  cylinder  (free  of  the  boundary 
layer)  and  the  finite  cylinder,  deeply  immersed  in  the  boundary  layer,  as  studied  by 
Wieghardt. 

For  drag  estimation  purposes,  three  categories  of  finite  cylinders  are 
distinguished : 

o  The  first  category  pertains  to  cylinders  which  fttc  deeply  submerged  in  the 
boundary  layer.  For  small  diameter  protrusions  (similar  to  fasteners),  the 
drag  estimation  is  based  on  a  correlation  of  Wiegharnt.'s  data. 


The  second  category  also  pertains  to  cylinders  which  are  submerged  in  the 
boundary  layer  but  which  extend  up  to  the  edge  of  the  boundary  layer.  Drag  is 
estimated  with  the  drag  defect  method  outlined  in  Reference  4.5. 

The  third  category  contains  chose  cylinders  which  protrude  into  the 
freestream.  The  correlations  of  Reference  4,5  and  4.15  are  also  used  for  drag 
estimation  for  these  cases. 


4. 2. 3.1  Cylinders  Deeply  submerged  in  the  Foundary  Layer 


The  Wieghardt  results  fer  cylindrical  bodies  are  summarised  in  Figure  4.10.  Two 
types  of  geometric  series  were  tested:  one  where  the  height-to-diameter  ratio,  h /a,  was 
less  than  0,07:  and  the  other  where  h/d  varied  from  0.05  to  4.0.  The  CDm  values  are 
based  on  the  cylinder  frontal  area  and  the  average  dynamic  pressure  acting  on  each 
cylinder.  These  data  were  converted  to  the  form  C_  /C  -  vs  hh  and  are  compared  to  the 


o  h/d<  0.07 


|  C^Based  on  - 
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Figure  4. 10  Drag  of  Cylinders  Immersed  in  the  Boundary  Layer  -  Correlated 
Wieghardt  Method 


incompressible  results  of  Reference  4,3  for  various  2~D  excrescences  in  Figure  4,11. 
This  comparison  shows  that,  for  h/d  <  0.5,  the  drag  of  these  small  cylinders  is 
essentially  modeled  by  the  2-D  forward-facing  step  drag.  Above  h/d  =  0.5,  the  Cpe 
increases  substantially  and  is  not  modeled  by  this  method. 

4. 2, 3. 2  General  Method  for  Cylinders  in  a  Turbulent  Boundary  Layer 


The  method  described  in  this  section  stems  from  the  attempt  in  Reference  4.5  to 
determine  a  drag  defect  function  for  cylinders,  similar  to  the  incompressible  2-0  bluff 
plate  function  of  Good  and  Joubert,  Reference  4.6.  Mach  number  dependency  was  found  „n 
Reference  4.5  and  a  single  drag  defect  function  could  not  be  established.  Consequent  y, 
a  series  of  correlation  functions  are  required.  The  subsequent  investigations  of 
Pallister,  Reference  4,15,  were  directed  at  supplementing  the  RAE  data  by  providing  a 
better  coverage  of  the  transonic  speed  range.  Those  later  results  do  complement  the  RAE 

data  in  some  respects,  but  also  highlight  the  large  difference  possible  in  the  transonic 
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Figure  4. )  1  Comparison  of  Incompressible  Cylinder 

Drag  with  RAE  Results  for  Various  Excrescences 


Fioiu  Uiu  basic  test  data  tor  each  Mach  number,  plots  were  made  of  CDe  vs  6/h  and 
extrapolated  to  determine  the  drag  coefficient  of  an  equivalent  infinitely  long 
cylinder,  CDa3  .  The  results  are  shown  in  Figure  4.12.  The  constant  slopes  obtained  for 
Cg M  vs  enables  a  correction  for  Reynolds  number  to  be  made  and  the  data  plotted 
against  Mach  number,  Figure  4.13.  Data  from  Pallister  and  others  are  included  on  Figure 
4.1.3,  Prior  to  Pallister's  results,  ttie  Mach  number  effect  through  the  transonic  range 
was  not  well  established.  His  results  confirm  the  general  shape  determined  earlier  by 
Welsh  and  the  levels  at  M  =  O.B  and  M  ^  1.4  obtained  by  Winter  and  Gaudet. 

The  next  step  taken  in  Reference  4.5  to  establish  the  drag  function  was  to  examine 
the  ratio  of  the  drag  of  a  cylinder  of  height,  n  =  6  ,  where  6  is  the  boundary  layer 
thickness,  to  the  drag  of  an  infinitely  long  cylinder.  Figure  4,14  compares  results 
from  References  4.5  and  4,15.  Without  the  later  results,  the  RAE  observed  that  within  a 
small  range,  was  proportional  to  CDki  at  a  given  Mach  number.  A  drag  defect  function 
was  then  defined  in  the  form 


4(14) 


where  CD^  =  drag  coefficient  of  a  cylinder  with  a  height  equal  to  the  boundary 

layer,  S  . 

Cph  =  drag  coefficient  of  a  cylinder  with  arbitrary  height. 

iaudet  and  Winter's  results  are  shown  in  Figure  4.15.  Winter  and  Gaudet  could  not 
find  a  function  independent  of  Mach  number  and  consequently  concluded  that  drag  could  be 
estimated  by  use  of:  Figures  4.13,  4.14,  and  4,15.  Pallister’s  data  provide  previously 
unavailable  information  for  transonic  mach  numbers. 


HWMWWMBMBP 
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4. 2, 3, 3  Cylinders  Completely  immersed  in  Boundary  Layer 


Following  the  suggestion  of  Gaudet  and  Winter,  the  drag  of  cylinders  completely 
immersed  in  the  boundary  layer  can  be  found  from 


CD  CD  6  "  F  *  Cf 


4(15) 


wher 


and 


"Dfi 


[CD  J 


Figure  4.14 


Figure  4.13 


F  =  F  (M,  h/4  ) 


Figure  4.15 

4. 2. 3. 4  Cylinders  Extending  Outside  the  Boundary  Layer 


For  cylinders  with  a  height  greater  than  the  local  boundary  layer  thickness,  the 
drag  is  found  by  pro-rating  the  submerged  and  exposed  areas  with  the  proper  drag: 


The  drag  of  the  submerged  pert,  ion  is 


) 


and  for  the  exposed  portion  the  drag  is 


The  total  drag  for  cylinders  extending  into  the  freestream  is  thus 

cd--£-  'Cc’  *<’-+>cd.  4<’4> 

where  and  C0oo  are  determined  from  Figures  4.13,  4.14,  and  4.15, 


4,2.4  Stub  Winqs/Antenna 

Although  the  drag  of  protrusions  such  as  stub  wing-like  antennae  tend  to  be  highly 
configuration  oriented,  recent  work  by  Gaudet/Winter ,  Reference  4,5,  and 
Marshall/Williams,  Reference  4.25,  has  led  to  a  few  generalizations  which  are  useful  for 
some  applications.  In  Reference  4.5,  an  attempt  was  made  to  analyze  test  results  on  a 
series  of  stub  wings  of  varying  span  along  the  lines  of  their  cylinder  drag  defect 
function  approach  (see  Section  4. 2, 2.1).  This  was  only  partially  successful. 
Additional  data  were  made  available  through  Reference  4.25  which  can  be  supplementary  to 
the  RAE  results. 

For  bodies  protruding  into  the  freestream,  the  Reference  4.5  approach  assumed  that 
the  drag  can  be  determined  by: 

S-+C06  4,l7> 

where 

Cd6  =  the  dra9  the  body  with  a  height  equal  to  the  boundary  layer  thickness 
CDno  =  the  drag  of  the  body  with  infinite  length 
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For  most  airfoil  or  streamlined  shapes  used  for  stub-wing  antennas,  the  value  of 
CDaj  would  be  known  by  converting  the  2ero-lift  section  drag  coefficient  for  the  actual 
airfoil  used,  to  a  coefficient  based  on  frontal  area. 

The  value  of  would  not  normally  be  known  or  obtainable  from  sources  convenient 
in  design  work.  Data  in  References  4.5  and  4.25  would  indicate  that  typical  values  cf 
CD6  /CDk  are  approximately  0.85  at  subsonic  speeds  and  0.7  at  supersonic  speeds. 

For  excrescences,  such  as  stub  wings,  totally  submerged  in  the  boundary  layer, 
generalized  results  are  not  available.  Reference  4.5  utilized  the  drag  defect  function 
such  that 


vs,-f,s  4II8> 

and  found  that  the  defect  function,  F,  varied  with  Mach  number  and  h/b  in  a  manner 
somewhat  similar  to  that  shown  for  a  cylinder,  Figure  4.15  of  Section  4.2. 3.2,  but  with 
the  values  scaled  by  a  factor  of  0.75.  Again,  this  was  applied  to  the  supersonic 
results  only.  Reference  4.25  offered  that  a  better  method  would  be  to  account  for  the 
reduced  dynamic  pressure  through  the  boundary  layer  by  integrating: 

h/s  _ 

cd  =  cd«*  Hr  j  Hr)2d(y/6>  4(>9> 


This  method  relies  on  knowledge  of  the  existing  boundary  layer  profile  and  actually  is  a 
version  of  the  Hoerner  effective  dynamic  pressure  method.  Thus,  no  improved  general 
method  beyond  the  two  described  above  is  available. 

4.2,5  Drag  of  Holes  and  Surface  Cut-outs 

The  data  base  for  the  drag  of  holes  is  taken  from  two  series  of  experiments  -  one 
carried  out  in  Germany  during  the  period  1935-1942,  References  4.3,  4.4,  and  4.16,  and 
the  other  being  the  recent  British  work.  References  4.17,  4.5,  and  4.15.  Although  these 
experiments  cover  a  wide  range  of  geometric  and  flow  parameters,  it  has  not  been 
possible  to  generalize  the  results  into  accurate  drag  prediction  methods.  In  fact, 
Reference  4.5  concludes  that  because  of  the  complexity  of  the  three-dimensional  flow 
pattern  within  a  hole,  it  is  not  likely  that  a  simple  analysis  will  produce  methods  for 
describing  all  the  possible  combinations.  In  the  special  case  of  circular  holes. 
Reference  4.17  shows  a  reasonably  good  correlation  based  on  the  kind  of  analaysis 
successfully  used  by  the  British  for  many  types  of  excrescences. 

Careful  scrutiny  of  all  the  various  experimental  results  shows  that  the  drag  of 
holes  is  only  a  weak  function  of  scaling  parameters  (Reynolds  number,  skin  friction, 
boundary  layer  characteristics).  Geometric  factors,  such  as  depth  and  hole  aspect  ratio 
(width-to-length  ratio)  tend  to  predominate.  Consequently,  the  use  of  the  actual  test 
results  as  reported  becomes  a  valid  candidate  as  a  method  of  estimating  hole  drag.  For 
several  types  of  holes  correlations  have  been  derived  which  can  be  used  for  estimation 
purposes. 

Two  basic  categories  of  holes  are  identified  by  planform  shape;  those  with  a  curved 
planform  (round  or  elliptical  holes),  end  those  with  rectangular  planforms.  The  latter 
does  not  include  slots  or  cut-outs  which  are  small  relative  to  the  boundary  layer 
thickness.  These  are  covered  in  Section  4.3.3. 
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4. 2. 5.1  Circular  Holes 

The  early  experiments  of  circular  holes  covered  a  large  range  of  d/h  ratios  i  sec 
References  4.3,  4.4,  and  4 . L6  for  incompressible  flow  and  were  conducted  at  low  Reynolds 
numbers  (Rx  less  than  7.5  x  10^).  At  these  conditions,  the  drag  was  found  to  be 
essentially  independent  of  Reynolds  number  and  a  function  of  the  d i ameter-to-he ight 
ratio.  A  cyclical  variation  of  the  drag  coefficient  vs.  h/d  was  observed  which  dampened 
as  h/d  increased,  see  Figure  4.16.  This  cyclic  variation  is  probably  associated  with 
changing  flow  patterns  in  the  region  of  the  hole.  Thus,  with  some  geometries  the 
vortices  that  form  within  the  hole  remain  there  and  the  flow  is  relatively  steady  and 
stable.  The  external  flow  fhen  passes  over  an  effectively  smooth  free  surface  defining 
the  upper  surface  of  the  hole  and  the  drag  is  low.  For  other  geometries  vortices  are 
continuously  generated  by  the  hole  and  convect  downstream  as  a  wake;  the  drag 
contribution  is  then  high. 


Figure  4.16  Comparison  of  Some  Eorly  Experimental  Results 
on  the  Drop  of  Circular  Holes 


Subsequently,  the  experiments  of  References  4.15  and  4.17  have  indicated  a  moderate 
influence  of  Reynolds  number  as  well  as  Mach  number  effect.  These  data  confirm  the 
cyclical  nature  of  the  variation  with  h/d  and  a  correlation  was  made  based  on  the 
observation  that  a  power  law  relationship  exists  between  the  dray  ratio,  C^p/Cj*  and  the 
roughness  Reynolds  number  (uT  d/v  )  .  Note  that  the  drag  coefficient  for  holes  is 
CDp  =  A  n/g  5  where  3  is  the  planform  area  of  the  hole.  This  relationship  takes  the 


form 


CDP/  S 


(  U 
A 

(  v 


4(20) 
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The  value  of  B  was  found  t_o  be  a  function  of  Mach  number,  but  the  parameter  A  was 
dependent  upon  both  h/d  and  M,  and  is  the  cyclical  effect  noticed  in  Figure  4.16,  In 
order  to  see  the  degree  ot  correlation  between  the  early  low  speed  data  and  the  latest 
results,  the  correlation  shown  in  Figure  4.1?  was  made.  Assuming  the  low  speed  value 
for  8,  given  in  Reference  4.17,  values  were  calculated  for  A, 


A  =  (Cr  /  C.)x  (u  d/ v  ) 

t*  II  ■  T 


-B 


4(21) 


where  values  for  and  ut  d/v  were  calculated  for  t:hp  known  test  conditions  for  each 
data  source. 

Considering  the  large  difference  of  test  parameters  between  the  early  experiments 
and  the  more  recent  tests,  the  general  agreement,  shown  in  Figure  4.17  is  very  good.  In 
view  of  this  correlation,  a  single  method  for  calculating  the  drag  of  circular  holes  is 
acknowledged ,  That  method  is  as  developed  by  the  RAE  (Reference  4.17)  and  confirmed  by 
ARA  (Reference  4.1b),  Since  the  ARA  experiments  contain  a  more  detailed  evaluation  of 
Mach  number  effects  and  extend  to  higher  values  of  h/d,  the  recommended  approach  is 
based  on  the  Reference  4.15  results. 

The  basic  c-o  'tioa  is,  from  Reference  4.17, 


CD/Cf 


VI 

-  ) 


4(22) 


where  A  -  f  (h/d,  M)  as  shown  in  Figure  4.17  (Figure  26  of  Reference  4.15)  and  E  =  f  (M) 
shown  in  Figure  4,18  (Figure  6  of  Reference  4.15),  For  Mach  numbers  higher  than  M  «  1,4, 
the  data  of  Reference  4.17  can  be  used,  but  only  tor  h/d  <  0,33,  These  latter  results 
ace  included  on  Figure  4.19, 


Figure  4. 17  Comparison  of  Correlation  Parameter  (A)  for  Circular  Hole  Drag 
Obtained  from  Varioui  Data  Sources 


Figure -4. 18  Fffect  of  MocS  Number  or. 

Correlation  Parameter  (B) 


4. 2. 5. 2  Holes  with  Elliptical.  Ilanform 

The  only  source  found  for  determining  the  effects  of  elliptical  planform  on  the 
drag  of  holes  ,s  the  early  work  of  Friesing,  Reference  4.16.  In  the  case  of  elliptical 
holes,  Friesing  only  valuatcd  configurations  with  the  major  axis  of  the  ellipse  normal 
to  the  direction  of  air  flow.  His  results  are  shown  in  Figure  4.20, 

Although  these  results  are  somewhat  scattered,  there  are  several  noticeable  charac¬ 
teristics  which  can  he  used  to  m  ke  some  useful  generalizations.  First,  the  cyclical 
nature  of  the  curve  Cnp  vs  b/d  for  circular  holes,  observed  in  Figure  4.16,  is  also 
evident  tor  the  elliptical  planform  holes.  This  implies  that  the  drag  for  the  ellipti¬ 
cal  case  may  be  obtained  by  correcting  circular  hole  drag  in  some  way.  Since  it  is  also 
apparent  that  the  extreme  peak  in  C()p  for  circular  holes,  over  the  range  h/1  =  0.4  to 
0.6,  does  not  occur  for  the  elliptical  holes,  a  modified  shape  is  necessary  Tor  this 
portion  of  the  data. 

Another  useful  characteristic  observed  is  the  somewhat  consistent  trend  of 
decreasing  C^j,  due  to  incite -'.sing  the  ratio  of  hole  width  to  hole  length,  w/1.  This 
occurs  for  h/l  values  loss  than  0.3.  Above  h/1  -  O.f)  the  results  are  generally 
scattered  about  a  mean  line.  Thus,  for  h/l  <  0.U,  the  ratio  of  the  drag  coefficients 
for  elliptical  holes  to  that  for  a  circular  hole  can  be  used  to  determine  the  re¬ 
lationship  between  the  two. 
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(b)  h/l  >0.8 
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Care  must  be  exercised  however  to  recognize  that  the  dashed  curve  Cppl  is  only  a 
fictitious  datum  rather  than  showing  real  values  for  circular  holes.  Some  singular  flow 
condition  within  the  hole  apparently  occurs  for  circular  holes  having  a  depth  near  0.5  x 
diameter  which  results  in  the  very  hiqh  drag  values  shown  in  Figures  4,16,  4.17,  and 
4.20. 


4. 2. 5. 3  Holes  With  Rectangular  Planform 

The  data  base  for  holes  with  rectangular  planform  is  scanty,  consisting  of  early 
data  such  as  Friesing,  Reference  4.16,  and  a  tew  recent  measurements  contained  in 
Reference  4.5.  As  noted  in  Reference  4.5  very  few  generalizations  can  be  made  with 
these  results  because  of  insufficient  combinations  of  planform  aspect  ratio  and  depth- 
to-length  ratio.  In  any  event,  the  data  have  been  plotted  in  the  form  of  the  drag 
ratio,  CDp/C^,  vs.  the  depth  ratio  h/l  in  Figure  4.21.  A  mean  curve  has  been  provided 
for  general  use. 


Mach  number  effects  for  a  square  and  a  rectangular  hole  configuration,  obtained 
from  Reference  4.5  are  shown  in  Figure  4.22.  These  results  are  obviously  inadequate  and 
only  indicate  general  trends.  Until  such  time  as  a  better  data  base  is  available,  ttie 
use  of  those  data  as  shewn  is  recommended  for  estimating  the  drag  of  rectangular  holes. 

4,3  Spanwlse/Longitudinal  Discontinuities 

Skin  joints  m  the  external  surfaces  of  aircraft,  and  similar  surface 
imperfections,  form  a  second  type  ol  roughness  which  is  a  significant  drag  producer. 
Spanwiso  skin  splices  for  instance  cover  the  entire  wing  from  tip  to  tip  end  no  portion 
of  the  wing  is  fret  of  their  effect. 
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Figure  4.22  Mach  Number  Effect  on  Hole  Drag 

4.3.1  Spanwiso  Steps  and  Ridges 

Excrescences  which  extend  across  the  flow  with  the  long  axis  normal  to  the  flow 
direction  are  generally  categorized  as  steps  or  ridges.  Steps  have  only  one  side 
exposed  to  the  flow,  which  can  be  facing  forward  or  aft,  whereas  ridges  have  some 
combination  of  both  forward  and  aft-facing  steps. 

The  usual  starting  point  in  a  study  of  these  kinds  of  excrescences  is  the  two- 
dimensional  step  with  a  90°  forward-facing  surface.  Investigations  using  this  basic 
configuration  have  been  more  numerous  than  for  most  surface  irregularities.  Ev<  n  so, 
some  uncertainties  still  exist  with  respect  to  defining  the  drag  of  such  steps.  The 
most  comprehensive  and  useful  studies  wei  ;  made  during  the  RAE  and  ara  research 
(References  4,5  and  4.15),  Results  from  tries  *  studies  provide  the  basis  for  the  methods 
described  in  the  following  sections. 

4. 3. 1.1  Forward-Facing  Step 

4. 3. 1.1.1  Two-Dimensional  Step  Normal  to  the  Flow 

Figure  4.23  summarizes  some  of  the  forward-facing  step  drag  results  using  the 
approach  originally  presented  in  Reference  4.5.  The  experiments  by  the  RAE  were 
conducted  on  steps  deeply  immersed  in  the  boundary  layer  (h  <  0.03  S  ).  It  was  reasoned 
that  since  the  step  height  was  so  small  compared  to  the  boundary  layer,  that  the  flow 
would  depend  on  the  same  parameters  as  the  inner  region  of  the  boundary  layer.  A 
roughness  Reynolds  number  was  defined  as 

h+  =  u  h/  4(25) 

T  V 


where 


h  =  height  of  step 

ur  =  friction  velocity  based  on  the  wall  conditions 


v  k  Kinematic  viscosity  at.  the  wall 
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Figure 4.23  Drag  of  2-D  Forward-Facing  Steps  Normal  to  the  Flow 


Likewise,  a  drag  parameter  was  defined  as  the  ratio  the  drag  pes  frontal  area  to 
the  local  skin  friction  coefficient,  CDC/Cfe-  Plotted  in  the  form  cDe/o£0  *  f(h+),  some 
unique  relationships  were  determined  as  shown  in  Figure  4,23.  Despite  a  large  amount  of 
scatter,  a  linear  variation  can  be  defined  which  has  some  Mach  number  dependence  up  to 
about  M  =  1.4.  Data  from  other  sources  tend  to  support  the  linear  variation,  although 
absolute  levels  and  slopes  are  different.  These  differences  could  be  related  to  test 
technique  but  also  there  is  the  possibility  that  the  degree  of  submersion  of  the  step 
within  the  boundary  layer  is  a  factor.  The  Wieghardt  results,  for  example,  covered  a 
range  of  heights  from  3.6%  to  almost  50%  of  the  boundary  layer  thickness.  These  steps 
would  tend  to  have  less  dependence  on  the  inner  boundary  layer  parameters.  As  can  be 
seen,  the  Wieghardt  data  have  the  same  slope  as  the  incompressible  RAE  data,  but  an 
overall  lower  drag  ratio. 

In  the  case  of  the  supersonic  results  (M  ^  1.4),  Reference  4.5  notes  that  ail  the 
data  seem  to  be  along  a  single  line  as  shown  on  Figure  4.23.  Because  of  the  large 
difference  between  the  subsonic  and  supersonic  data,  Referer  a  4.5  suggested  the  need  to 
investigate  the  transonic  speed  range  (M  =  .8  to  1.4).  This  was  accomplished  in  a 
limited  fashion  by  Pallister,  Reference  4.15.  Pallister  repeated  the  procedures  of 
Reference  4.5  for  M  =  0.6  to  1.4,  but  for  a  narrow  range  of  roughness  Reynolds  nu.auer, 
h+ .  His  results  tor  M  =  0.8  and  1.4  are  shown  to  agree  with  the  RAE  data  on  Figure 

4.23.  The  variation  with  Mach  number  through  the  ttansonic  range  is  shown  in  Figure 

4.24. 


Other  forward- fac ing  step  drag  results  for  multiple  step  configurations  are  also 
included  on  Figure  4.23.  Hood,  Reference  4.11,  tested  lapped  joints  on  a  NACA230J.2 
airfoil.  An  equivalent  value  for  was  oetermined  and  is  considerably  higher  than 
the  corresponding  incompressible  RAE  data.  This  is  not  surprising  for  several  reasons. 
First,  some  additional  drag  may  be  present  on  the  airfoil  due  to  transition  movement 
between  the  smooth  and  rough  airfoil  configurations.  More  significantly,  the  influence 


Dura  Corrected  to 


Figuro4.24V<j( ration  of  2D  Forward-Facing  Step  Dreg  in  the  Transonic 
Speed  Range 


of  excrescences  on  the  boundary  layer  in  the  presence  of  an  adverse  pressure  gradient  is 
known  to  be  greater  than  for  a  zero-pressure  gradient  flow.  Reference  4.7,  These  data 
have  been  "corrected"  to  an  equivalent  flat  plate  condition  by  extracting  the  Nash  and 
Bradshaw  multiplying  factor.  As  shown  in  Figure  1,23,  this  accounts  for  the  majority  of 
the  difference  between  this  and  other  low  speed  data. 

The  multiple-step  supersonic  data  of  Czarnccki,  et  al.  Reference  4. IS,  is  also 
represented  on  Figure  4.23  as  an  equivalent  single  2-D  step.  In  this  case,  the  effects 
of  pressure  gradient  and  transition  are  not  present  and  the  drag  ratio  is  in  fact  lower 
than  the  RAE  supersonic  data.  Reference  4.5  attributes  this  to  the  mutual  interference 
between  the  steps. 

Because  of  the  observed  differences  there  may  still  be  some  question  as  to  the 
universality  of  the  RAE  results.  However,  present  judgment  dictates  the  use  of  the  RAt 
arid  ARA  correlations  for  step  drag.  Therefore,  the  recommended  procedure  tor  estimating 
the  drag  of  2-D  steps  is  as  described  below. 

For  M  c  0.8  and  m  >  1,4,  the  Reynolds  number  variations  of  Figure  4.23  are  used. 
For  transonic  Mach  numbers  between  M  =  0.8  and  1.4,  an  interpolation  is  suggested  based 
on  the  data  of  Figure  4.24  arid  is  shown  in  FiguLe  4.25. 

Thus,  for  M  <  0.8,  >  1.4, 


C  =F(Cf,  M,  h+)  (Figure  4.23) 


4(26) 


and  for  M  >  0.8  and  <  1.4, 


(a)  Rounding 
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(b)  Chamfer 


Figure  4,26  CffeC-  of  ko'inding  grid  Chamfering  on 
Forward-Facing  Step  Drag 


The  method  tor  estimating  the  drag  of  a  rounded  or  chamfered  2-D  step 
follows : 

For  a  rounded  step, 

S,'V<S,/cfc>,0  *[’-e,a]  "c 

where  (C.  /C,  )  *  drag  ratio  for  a  normal  2-D  step  from  Section  4. 3.1. 1.1 

D  6  I® 

r  =  0 


E  =  F  (r/h,  M)  from  Figure  4.26(a) 
r/h 


For  a  chamfered  step. 


Kn/CJ  =  CCnA„> 


X  (1  -  E  ) 

n  x  a  ' 
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where  (C„  /Cf  )  =  drag  ratio  for  a  normal  2-D  step  from  Section  4. 3. 1.1,  l 
v  a  L 

V  =  90° 

E  =  f  ( H,  H)  from  Figure  4.26(b) 


4. 3. 1.1. 3  Effect  of  Flow  Angle 

The  effect  of  cross-flow  on  the  drag  of  2-D  excrescences  is  discussed  in  Section 
4. 3. 2. 3.  It  is  assumed  that  the  results  of  Figure  4.45  are  applicable  for  forward 
steps.  Thus,  the  drag  coefficient  in  cross-flow  is  given  by: 

^  x  s!r,2a  4(30) 


where 


«  =  cross-flow  angle  (see  Figure  4.45) 

(C  )  =  drag  coefficient  of  a  plain  2-D  step  from  above. 

ue  n  =90° 

4. 3. 1.2  Rearward-Facing  Step 

4. 3. 1.2.1  Two-Dimensional  Step  Normal  to  the  Flow 

Some  recent  results  for  rearward-facing  steps  are  shown  in  Figure  4.27  for  M  =  0.8 
and  1.4,  The  data  of  Reference  4.5  are  shown  for  these  two  Mach  numbers  for  comparison 
with  Reference  4.15.  The  amount  of  scatter  and/or  uncertainty  is  significantly  greater 

than  for  forward-facing  steps.  Both  References  4.5  and  4.15  note  this  fact  and 
Reference  4.15  suggests  several  reasons.  First,  the  approaching  boundary  layer  in  the 
Reference  4.15  experiments  was  the  product  of  "rough-turbulent"  flow  rather  than  the 
smooth-turbulent  flow  of  Reference  4.5.  This  would  tend  to  amplify  differences  down  in 
the  region  of  the  laminar  sub-layer  (1%  of  boundary  layer  height).  Second,  the  buoyancy 
correction  for  the  balance  set-up  used  in  Reference  4.15  was  a  larger  percentage  of  the 
total  incremental  force  being  measured  than  in  Reference  4,5.  Accordingly,  Pallister 
tends  to  discredit  the  data  in  Reference  4.15  for  the  lowest  step  height  (1.27  mm). 
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Figure  4*27  Drag  of  Rearward  Facing  Steps  at  M  3  0.8  and  1.4 


The  lines  faired  through  the  results  in  Figure  4.27  are  taken  from  Reference  4.5. 
These  lines,  plus  those  for  the  other  Mach  numbers  tested  and  reported  in  Reference  4,5 
are  repeated  in  Figure  4.28,  Data  from  several  other  sources  are  included  Lor 
comparison . 
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Figure  4.28  Drag  of  Plain  Rearward  Steps 


The  linearity  oi  the  forward-facing  step  data,  Cpc/Cje  vs  h  ,  is  also  apparent  in 
the  rearward  step  results.  However,  the  variations  with  Mach  number  are  more  pronounced. 
Whereas,  the  drag  of  the  forward  step  increases  with  Mach  number  up  to  about  M  =  1,4  and 
then  remains  essentially  constant,  the  drag  of  rearward  steps  starts  to  decrease  at 


The  transonic  range  was  investigated  in  Reference  4.15,  and  these  results  are  com¬ 
pared  with  the  Reference  4.5  data  in  Figure  4,29.  This  is  done  at  a  constant  h+  =  1000 
since  the  Reference  4.15  tests  were  at  a  nearly  constant  Reynolds  number.  Three  heights 
of  step  were  tested  and  a  different  Mach  number  variation  was  obtained  for  each.  Noting 
that  the  variation  for  the  largest  height  (3.81mm)  tends  to  agree  with  the  Reference  4.f. 
results,  and  recalling  that  the  agreement  for  the  forward  step  was  also  based  on  this 
step  height  (where  no  other  heights  were  tested),  it  is  reasoned  that  the  h  =  3.81mra 
results  are  most  nearly  correct.  This  conclusion  is  also  supported  Dy  the  fact  that 
Reference  4.15  tends  to  discount  the  results  for  the  smaller  steps.  Therefore,  the 
recommended  method  for  estimating  the  drag  of  rearward  steps  includes  use  of  the 
Reynolds  number  effect  of  Reference  4.5  and  the  Mach  number  effect  as  shown  in  Figure 
4,29  for  the  3.81  mm  step. 

Figures  4.28  and  4.30  summarize  the  data  required  for  estimating  the  drag  of 
rearward-facing  steps  normal  to  the  flow.  For  M  <  0.8  and  >  1.4, 


CDe  =F(Cf,M,  h  ) 


as  found  in  Figure  4,28.  For  Mach  numbers  between  0,8  and  1.4,  an  interpolation  can  be 
made  using  Figure  4,30, 

<CDe/Cfe^(CDe/Cfe>M  =  08  +PC2  [(CDe/Cfe  ^  =  ,  >4  '  (CDe/Cfe  ^  __  ^ 


4(32) 
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Figure  4.30  Mach  Number  Factor  for  oft  Facing  Steps  over  the 
Transonic  Range 
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4. 3. 1.2. 2  Effects  of  Chamfering  or  Rounding 

The  effects  of  chamfering  on  the  drag  of  a  rearward- f aci ng  stop  were  investigated 
over  the  Mach  number  range  from  0.2  to  2.0  in  the  experiments  of  References  4.5,  and 
4.15.  The  results,  re-plotted  in  Figure  4.31,  show  that  for  chamfer  angles  down  to  45°, 
almost  no  change  occurs  in  the  drag.  At  some  Mach  numbers,  there  is  a  slight  increase 
in  drag  until  the  angle  is  less  than  12°.  Below  12°,  there  is  a  sharp  drop  for  all  Mach 
numbers.  Wieghardt  also  found  a  similar  effect,  with  an  even  greater  increase  for 
angles  greater  than  about  20°. 

The  effect  of  rounding  the  edge  of  a  rearward  step  has  only  been  summarily  checked 
for  two  values  of  radius  and  for  Mach  numbers  between  0.6  and  1.4,  Reference  4.15.  The 
results,  re-plotted  in  Figure  4.32,  show  a  slight  increase  in  drag  due  to  rounding. 
Reference  4.15  offers  no  explanation  for  this  increase,  however,  it  is  apparently 
similar  to  the  increases  noted  for  the  smaller  chamfer  angles. 

For  drag  estimation  purposes,  data  of  Figures  4.31  and  4.32  have  been  generalised 
in  a  manner  similar  to  the  forward  step  results.  For  chamfers,  the  results  are  shown  in 
Figure  4.33.  The  ratio,  Gg  ,  represents  the  degree  of  change  in  drag  from  the  un¬ 
chamfered  base. 
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Figure  4-31  Comparison  of  Results  on  the  Effect  of  Chamfer  on  Rearward  Step  Drag 
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Thus,  for  a  given  chamfer  angle,  0  ,  the  drag  may  be  estimated  by: 


where 


fl  4=90 


4(33) 


(CDe/Cfe)  =  drag  ratio  for  a  normal  2-D  step  from  Section  4. 3, 1.2.1 
0  =  90 

G..  =  F  (0  ,  M)  from  Figure  4.33. 

o 

Because  the  effect  of  rounding  was  so  small,  a  single  relationship  was  chosen, 
independent  of  Mach  number,  representing  an  average  of  the  Figure  4.32  results.  Thus, 

<CDe/Cfe>  =f'^-43(rA)l(CDe/Cfe)  4(34) 

f/h  L  J  r  =  0 

where 


(Cp  /Cj  )  =  drag  ratio  for  a  normal  2-D  step  from  Section  4. 3. 1.2.1 

e  e  r  =  0 

4, 3. 1.2. 3  Effect  of  Flow  Angle 

The  effect  of  cross-flow  on  the  drag  of  2-D  excrescences  is  discussed  in  Section 
4. 3. 2. 3.  It  is  assumed  that  the  results  of  Figure  4.45  are  applicable  for  rearward 
steps.  Thus,  the  drag  coefficient  in  cross-flow  is  given  by: 

(CDe)<i"(CDe)a=90  xsi"2a  4(35) 

where 


<X  =  cross-flow  angle  (see  Figure  4.45) 

(CQe  )  =  drag  coefficient  of  a  plain  2-D  step  from  above. 

a  =  90° 


4,3,2  Combined  Forward  and  Aft  Facing  Steps  -  Ridges  and  Plates 

Excrescences  which  displace  the  flow  upwards,  as  by  a  forward  facing  step,  and 
subsequently  return  the  flow  to  the  original  plane,  and  which  do  so  in  a  short  distance, 
are  termed  ridges.  A  plate  normal  to  the  flow  is  an  example  of  a  ridge  with  zero 
thickness.  The  basic  experimental  model  for  ridges  has  been  the  simple  two-dimensional 
square  ridge  where  the  height  is  equal  to  the  thickness.  The  drag  of  this  elementary 
shape  has  been  extensively  explored  by  Gaudet/Winter  Reference  4.5  and  Pallister 
Reference  4.15  and  their  results  provide  the  basis  for  the  methods  described  herein. 
Early  studies  at  low  speeds  and  Reynolds  numbers  provide  some  additional  insight  into 
i_ne  effect  of  geometric  shape  on  the  drag  of  ridges. 
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4. 3. 2.1  Two-Dimensional  Ridge  Normal  to  the  Flow  With  Vertical  Faces 

For  plain  2-D  ridges  deeply  immersed  in  the  boundary  layer.  Reference  4.5  reported 
linear  variations  of  the  parameter  C^/Cg  vs  h+ ,  similar  to  those  for  2-D  steps. 
Figure  4.34  summarizes  their  results  for  the  Mach  numbers  tested.  The  addition  by 
superposition  of  the  forward  and  rearward  step  drag  produces  a  total  which  is  about  50% 
below  the  drag  of  square  ridges  at  the  lower  Mach  numbers.  This  implies  a  substantial 
interference  drag  for  the  combined  configuration.  This  difference  subsides  at  the 
higher  Mach  numbers  and  is  not  present  in  the  M  =  2,8  data. 


Figure  4.34  -  Drag  of  Plain  Ridges 

The  incompressible  results  for  square  ridges  are  compared  in  Figure  4.35  with  some 
of  the  early  experiments  of  Wieghavdt,  Reference  4.3  and  Tillmann,  Reference  4,4.  The 
relatively  good  agreement  with  the  Tillmann  data  is  considered  fortuitous,  since  these 
experiments  were  on  three-dimensional  models  (plates  and  bars).  The  ledges  tested  by 
Wieghardt  are  similar  to  the  2-D  ridges  of  Reference  4.5.  In  general,  these  results 
show  the  validity  of  the  ^De/(J£e  vs  n+  approach  for  these  kinds  of  excrescences. 

The  transonic  experiments  of  Reference  4.15  further  corroborated  the  Reference  4.5 
data  and  provided  a  more  detailed  coverage  of  the  transonic  speed  range.  Figure  4.30 
compares  the  M  =  .8  and  1.4  data  for  square  ridges  from  the  two  sources  and  Figure  4.35 
shows  how  the  compressibility  effect  compares  at  a  constant  roughness  Reynolds  number 
( h+  =  1200).  As  the  flow  becomes  supersonic  the  drag  increases  substantially  to  a  level 
50%  higner  than  the  subsonic  drag.  Above  M  =  1.0  the  drag  decreases  back  to  the 
low-speed  level.  This  sharp  variation  over  the  transonic  range  makes  clear  the  need  to 
obtain  careful  experimental  measurements  over  this  speed  tange  and  to  properly  account 
for  Mach  number  effects  during  drag  estimation. 

To  assist  with  the  latter,  the  transonic  data  of  Reference  4.15  for  square  and  rec¬ 
tangular  ridges  was  used  to  derive  a  Mach  number  factor  to  approximate  the  variation 
between  M  =  0.8  and  1.4.  Since  the.  drag  variation  with  roughness  Reynolds  number  at 
M  =  0.0  and  1.4  is  known  (Figure  4.34)  it  is  convenient  to  relate  the  transonic  effect 
to  these  data.  Thus,  the  drag  increase  above  M  =  0.8  was  ratioed  to  the  known 
difference  between  M  =  0.8  and  1.4.  This  was  done  for  the  square  and  rectangular  ridge 
data  of  Reference  4.15  and  an  average  curve  obtained.  The  result  is  shown  in  Figure 
4.38. 
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The  drag  of  rectangular  plain  ridges  with  a  thickness  twice  the  height,  was  also 
investigated  in  some  detail  in  References  4,5  and  4.15.  Figure  4,34  contains  the 
Reference  4.5  summary  of  the  Reynolds  number  variation  for  comparison  with  the  square 
ridge  data.  For  low  values  of  h  ,  where  h/fi  was  about  0.01  to  0.02,  the  drag  of  the 
rectangular  ridge  is  higher  than  for  square  ridges.  Reference  4.15  experiments  were  at 
h  values  near  the  cross-over  point  and  do  not  clarify  this  effect.  At  higher  values  of 
h  ,  where  h/ft  was  near  0.0J  ir.  the  Reference  4.5  tests,  the  drag  of  tne  rectangular 
ridge  becomes  less  than  for  an  equivalent  square  ridge,  see  Figure  4.34.  Wieghardt's 
experiments  also  show  a  decreasing  drag  with  increasing  thickness  of  the  ridge  for  a 
constant  roughness  Reynolds  number.  In  this  case,  the  heights  of  tne  ridges  were  all 
greater  than  3  percent  of  the  boundary  layer  thickness.  This  effect  is  shown  on  Figure 
4.39.  These  latter  results  can  be  used  to  approximate  the  effect,  of  increasing  the 
ratio  of  thickness  to  height  for  rectangular  ridges. 

The  drag  of  plain  ridges  is  calculated  as  follows: 

Square  Ridges: 


CDo/Cfe  =  A  109  <h+)  *  h 


4(37) 


where 


M 
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4(38) 


where  PC3  =  f(M),  Figure  4.38,  and  the  drag  ratios  at  M  -  0.8  and  1.4  are  calculated  as 
above . 

Similarly,  for  rectangular  ridges 
(a)  t  =  2h 
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The  variation  between  M  =  08  and  1.4  is  the  same  as  for  square  ridges. 
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4. 3. 2. 2  Ridges  With  Different  Cross-Section 
(a)  Rounded  Edges 

References  4.5  and  4.15  determined  the  effects  of  rounding  the  edges  ot  a 
•‘octangular  ridge.  The  results  are  compared  in  figure  4.41.  ny  re-plotting  Uie  data  of 
Figure  4.41  into  the  form  shown  in  Figure  4.42  several  factors  can  he  seen.  First,  the 
low  speed  data  (M  <  0.8)  all  tend  to  be  concentrated  about  a  common  mean  curve,  as  do 
the  results  tor  M  >  1.4.  The  shapes  of  the  curves  are  similar  tor  each  Mach  number 
indicating  that  the  Mach  number  effec:  between  0.8  and  1,4  is  uniform.  This  implies 
that  a  single  curve  can  be  used  to  represent  the  basic  effect  of  rounding  with  a 
separate  Mach  number  effect.  The  curves  of  Figure  4.43  resulted. 

A  second  observation  to  be  made  from  the  Figure  4.42  data  is  that  the  greatest 
change  seems  to  occur  with  the  initial  amount  of  rounding  and  essentially  no  change  is 
manifested  by  further  rounding.  When  the  radius  approaches  the  value  of  the  height  of 
the  ridge,  a  slight  increase  in  drag  is  seen.  Singular  values,  corresponding  to  r/h—  1, 
were  obtained  from  several  other  sources  and  are  included  on  Figure  4.42.  These  seem  to 
substantiate  the  overall  results. 


M  Source 

o  0.8  Pallister  (Ref.  4. 15) 

A  0.9 

v  0.95 

O  1.0 

»  1.4 

G  0.2  Gajdet/Winter  (Ref.  4.5) 

•  0.8 

0  1.4 

+  1.7 


0  0.2  0,4  0.6  0.8  1.0 

f/h 


Figure  4.41  Comparison  of  Experimental  Results  for  Rounded  Rectangular  Ridges 


The  effect  ot  rounding  the  edges  ol  a  ridge,  or  the  dray  ol  a  rounded  piofile 
ridge,  is  estimated  by  correcting  the  rectap.yul  ar  ridge  of  the  same  height  by: 

<CD«/CfA  -(CDe/Cfe’  x(ZM),x(ZrA)  4(40) 


Rounded  Ridge 


U-0  ^  r/,  « 


where  (Cn  / C ,  )  =  drag  of  plain  ridge  os  determined  in  Section  4  .3.2.1, 

Ue  tC  r/V.  -  0 

(2M)  .  ”  Mach  number  effect  on  rounding  from  Figure  4.43(b), 
r/h 

(  2 )  =  effect  of  rounding  at  low  speed  from  Figure  4  .43(a) . 
o 

(b)  Other  Profile  Shapes 

Data  lor  ridges  with  profile  shapes  ocher  than  square,  rectangular  or  rounded  are 
very  scarce.  In  the  original  work  of  Wieghardt,  Reference  4.3,  ledges  with  different 
profile  shapes  were  tested  over  a  range  of  thickness-to-height  ratio.  The  results  are 

repeated  here,  Figure  4.44,  so  that  some  guidance  may  be  given  relative  to  the  degree  of 

difference  in  drag  for  the  various  shapes. 

Since  the  Mach  number  effects  are  similar  for  the  square,  rectangular  and  rounded 

shapes,  it  may  be  reasoned  that  the  same  is  true  tor  the  other  shapes  as  well.  Based  on 

this  reasoning,  the  drag  for  any  otiier-shaped  profile  may  be  found  by  first  evaluating 
the  drag  for  one  of  the  basic  shapes  at  the  appropriate  Mach  number  and  roughness 
Reynolds  number  and  then  correcting  for  shape  using  the  data  of  Figure  4.44, 
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Figure  4.44  Drug  of  Spanwise  Ledges  of  Different-  Profiles 


4. 3. 2. 3  Effect  of  Flow  Angle 


In  cross-!  low  the  drag  of  an  oxcusconco,  such  as  a  ridge  or  ledge,  based  on  the 
projected  frontal  area  should  be  reduced  by  the  effect  of  the  reduced  velocity  vector 
normal  to  the  ridge  face.  Since  the  drag  coefficient  is  hovinolized  on  velocity- 
sguarod,  the  drag  coefficient  would  then  be  reduced  by  approximately  the  sgua 
velocity  reduction.  The  validity  of  thin  principle  can  be  demonstrated  in  .  e  . 

2-D  or  plain  ridges. 


Two  sources  present  data  showing  the  effect  of  cross-flow  on  the  drag  of  rectan¬ 
gular  ridges.  These  sources,  Wieghardt,  Reference  4.3  and  Kovalenko,  Reference  4.19 
have  been  used  to  correlate  the  effect  of  flow  angle.  The  results  are  summarized  in 

Figure  4.45.  The  reduction  in  drag  coefficient,  represented  by  the  ratio  ^De^CDe 

-i  ii  =  90 

has  been  plotted  vs  flow  angle,  a  ,  and  comp red  with  the  value  ol  sinV  .  The  agreement 
is  excellent  and,  considerig  the  diverse  conditions  of  the  two  sources,  it  is  concluded 

5 

that  the  sin'u  function  can  be  used  to  approximate  the  effect  of  cross-flow  on  ridge 
drag  coefficients. 


Although  it  has  not  been  substantiated,  the  cross-flow  described  above  is  believed 
applicable  to  other  2-D  type  excrescences,  such  as  forward  and  rearward  facing  steps. 
This  assumption  has  boon  made  and  in  Section  4. 3. 1.1  and  4. 3. 1,2  the  cross-flow  effect 
on  2-D  step  drag  is  based  on  this  assumption. 

In  summary,  the  drag  coefficient  of  a  ridge  in  cross-flow  is  calculated  from 


where 


<CD.>»  =<Se> 


=  90 


.  2 

x  sm  a 


4(41) 


«  =  cross-flow  angle  (see  Figure  4.45) 

(C  )  =  drag  coefficient  me  plain  ridge  as  determined  in  4, 3. 2,1  or  4, 3. 2. 2. 

<*  =  90 

o.m  Wieghaidt  (Ref.  4,3) 

+•»*  Kovalenko  (Ref,  4.19) 


Figure  4.45  Effect  of  Flow  Angularity  on  the  Drag  of  Ridges 
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4. 3. 2, 4  fh.itiple  Ridges  in  Series 

Laci  y,  Kefctence  4.27  has  made  low  speed  measurements  on  arrangements  of  a  number 
o£  spnnwise  ridges  of  square  section  on  a  plate  in  zero  pressure  gradient  and  some  o£ 
hi s  salient  results  are  summarized  in  Figure  4.46.  There  is  plotted  the  ratio  ot  the 
drag  oi  a  system  o£  ridges  to  that  of  a  single  ridge  in  the  leading  ridge  position  as  a 
function  ot  ridge  spacing  to  height  ratio  (s/h)  or  of  the  ratio  o£  the  area  covered  by 
the  ridges  to  the  total  plate  area  (AR/A)  (called  ridge  density). 

The  individual  curves  correspond  to  values  of  the  ratio  of  the  plate  length  to 
ridge  height  (L/h). 

The  number  (N)  of  ridges  is  given  by 

N=L/s=_L_  /_s_  4(42) 

It  will  be  seen  that  tor  any  given  plate  iength  and  ridge  height,  there  is  a 
critical  spacing  (and  hence  N)  leading  to  a  maximum  drag  increase.  This  spacing  is 
about  lOti.  For  a  more  sparse  spacing  the  interference  effect  of  the  wake  of  a  ridge  on 
downstream  t idges  is  small  and  the  drag  decreases  as  s  increases  because  N  decreases; 
whilst  for  a  closer  spacing  the  interference  effects  increase  so  that  the  drag  decreases 
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Figure  4.46  Variation  of  Drog  with  Selected  Surface  Length  and  Ridge  Density  in  Zero  Pressure  Gradient 


m  spite  of  the  increase  in  N.  The  expe  t  intent  s  show  that  2  ridges  loss  than  about  tlh 
apart  have  a  dray  loss  than  that  of  a  single  1  idge,  However,  there  ib  cone  evidence 
that  h+w  plays  a  small  but  not  insignificant  pai  t  iri  these  jnterfei  oner  effects  and  this 
has  not  been  explored  adequately.  These  same  data  ate  shown  in  Figure  4.47  plotted  as 
the  total  drag  divided  by  the  drag  of  a  single  ridge  multiplied  by  the  number  of  ridges 
being  tested.  It  is  seen  that  forward  ridges  provide  a  significant  shielding  of  the 
ridges  behind  tot  all  of  the  cases  shown  here.  (The  ridge  spacing  must  exceed  75  ridge 
heights  botore  the  system  drag  is  equal  to  the  sum  of  individual  ridge  drags. 1  As  shown 
by  Figure  4.47  this  shielding  eftect  is  substantial  and  increases  as  the  number  of 
ridges  increases. 


Figure  4.47  Effect  of  Ridge  Density  on  the  Drog  of  a  System  of  Sponwise  Ridges 

4.3.3  Gaps  and  Grooves 

The  category  of  gaps  and  grooves  inciules  those  excrescences  suen  as  gaps  between 
joints,  gaps  caused  by  control  surfaces,  and  spanwise  grooves,  slots,  or  contours,  all 
of  which  are  normally  small  compared  to  the  configuration  geometry  (airfoil,  wing,  etc.) 
and  the  local  boundary  layer.  The  data  discussed  here  do  not  consider  open  cases  where 
fluid  might  flow  through  the  gap.  For  a  discussion  of  the  drag  of  control  gaps  with 
flow  through  them  see  Section  5.4.  In  general,  the  magnitude  of  the  drag  of  spanwise 
gaps  is  also  small  and  consequently  difficult  to  measure  experimentally.  In  fact,  in 
one  of  the  most  recent  and  careful  experiments  on  excrescence  drag,  Reference  4.5,  it  is 
stated  that  the  measurements  of  the  drag  of  grooves  are  considered  poor  because  of  the 
problem  of  obtaining  small  increments  from  much  larger  overall  measurements.  Thus,  the 
available  experimental  data  base  tor  spanwise  gaps  contains  a  lot  of  scatter  and  is 
difficult  to  correlate.  Reference  (4.5)  determined  that  the  drag  ratio,  Cnp/Cfe' 
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evidences  a  weak  dependence  on  roughness  Reynolds  number.  An  earlier  publication. 
Reference  4.20  showed  a  family  of  curves  where  the  depth  ratio,  h/1,  was  also  a 
significant  parameter.  As  in  the  case  of  circular  holes,  the  drag  coefficient  C^p  is 
based  on  the  planform  area  of  gaps  or  grooves. 

An  independent  evaluation  has  been  made  for  the  present  work  and  the  stronger 
dependence  has  been  found  to  be  with  respect  to  the  depth  ratio.  Both  of  these  methods 
will  be  described. 

4.3.3. 1  Gaps  Normal  or  Parallel  to  the  Flow 

Data  are  presented  in  this  section  for  spanwise  gap  configurations  which  have  the 
long  axis  normal  or  parallel  to  the  flow  direction.  The  effect  of  flow  inclination  on 
the  drag  of  spanwise  gaps  is  given  in  the  next  section. 

Reference  4,5  gives  a  small  linear  dependence  of  cDp/cje  on  h+  for  slots  or  grooves 
normal  to  the  flow: 


CDP/Cfe  =  2  '<*  <h+>  "  2 


4(43) 


In  Figure  4.48,  the  available  slot  data  has  been  plotted  as  a  function  of  the  depth 
ratio,  h/1.  A  distinction  has  been  made  between  slots  with  the  long  dimension  normal  to 
the  flow  direction  and  those  where  the  long  dimension  is  parallel  to  the  flow.  Since 
there  is  an  order-of-magnitude  difference  in  the  values  of  h/1  for  the  two  categories, 
the  depth  ratio  was  based  on  the  shortest  side  for  each  case.  This  type  of  presentation 
produced  the  most  consistent  trends  with  the  least  amount  of  scatter. 
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Since  the  geometry  effects  seem  to  be  more  predominant,  the  mean  curves  of  Figure 

4.48  are  recommended  for  the  drag  of  spanwise  gaps.  It  must  bo  pointed  out  that  the 

+  3  4 

range  of  h  for  these  data  is  limited  to  approximately  1  x  10  to  3  x  10  and  that  at 

higher  values  of  h  ,  the  Reynolds  number  effect  of  Reference  (4.5)  may  predominate  for 

spanwise  grooves.  In  the  case  of  longitudinaL  or  chordvise  grooves,  Reference  4.5  found 

that  the  drag  change  was  roughly  equal  to  the  drag  of  the  increased  skin  friction  on 

both  sides  of  the  groove.  This  would  be  a  reasonable  alternative  to  the  use  of  Figure 

4.48  for  longitudinal  grooves. 

4. 3. 3. 2  Gaps  Inclined  to  the  Flow 

The  only  data  on  the  effect  of  flow  inclination  or.  gap  drag  is  found  in  Reference 
4.3.  The  results  are  summarized  in  Figure  4.49.  As  can  be  seen,  the  variation  with 
flow  angle,  a  ,  for  the  configurations  tested  is  not  the  same.  No  convenient  correla¬ 
tion  can  be  derived  and  consequently,  the  data  of  Figure  4.49  can  only  be  used  as  a 
general  guide  for  the  effect  of  flow  inclination. 


Degrees 

Figure  4,49  Effect  of  Floy/  Inclination  on  the  Drug  of  Gapj 
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4.3.4  Surface  Waviness 

Surface  waviness  may  be  described  as  a  repeated  deviation  in  surface  contour  which 
has  the  effect  of  imposing  a  sinusoidal-type  displacement  of  the  local  flow  in  the 
streamwise  direction.  On  aircraft,  it  is  generally  present  where  multi-panel 
manufacturing  techniques  are  employed  such  that  the  seamed  areas  along  the  panel  edges 
more  rigidly  follow  the  intended  contour  than  the  panel  centers.  Bulges  or  indentations 
occur  which  more-or-less  have  a  repetitive  wave-like  appearance  on  the  surface.  This 
situation  may  be  worsened  under  flight  load  conditions  where  local  stresses  may  increase 
the  amplitude  of  such  deviations.  Pressurized  fuselages,  in  particular,  may  undergo 
significant  amounts  of  bulging  at  the  high  cruise  altitudes  typical  of  today’s  transport 
aircraft . 

A  review  of  the  literature  on  the  subject  of  drag  due  to  waviness  as  applied  to 
aircraft  surfaces  reveals  an  outstanding  example  of  the  problem  caused  by  a  lack  of 
adequate  methods  to  assess  roughness  drag.  Hoerner's  approach  to  this  particular  source 
of  drag  was  to  correlate  CDm,  based  on  projected  frontal  area,  against  a  relative 
waviness  parameter,  h/1,  where  h  is  the  wave  amplitude  and  1  is  the  wave  length.  His 
results  are  shown  in  Figure  4.50.  This  correlation  was  based  on  two  sources:  the 
airfoil  test  of  Hood,  Reference  4.23,  where  two  heights  of  sinusoidal-type  waves  were 
tested,  and  the  Wieghardt  data  4.3  for  a  rounded  spanwise  ledge.  Some  more  recent 
results  from  Reference  4.21  have  also  been  included  on  Figure  4.50  for  comparison.  The 
drag  coefficient  is  equal  to  A  D/<3m  where  qm  is  the  mean  dynamic  pressure  over 
the  height  of  a  wave  and  fg  is  the  projected  frontal  area  of  all  waves  present. 

The  basic  problem  with  the  correlation  of  Figure  4.50  is  the  applicability  of  data 
with  large  values  of  h/1  to  surface  waviness  on  aircraft  where  a  reasonable  h/1  value  is 
at  least  an  order  of  magnitude  smaller.  Hood  recognized  in  P.cfurence  4,23,  that  the 
relative  waviness  of  his  experiments  was  much  larger  than  would  be  representative  of 
aircraft  of  his  time  (1939).  Although  there  is  no  doubt  that  Figure  4.50  correctly 
models  the  drag  for  surface  waviness  at  large  h/1,  the  validity  of  the  vanishingly  small 
CDm  for  small  h/1  values  is  questionable. 


Some  insight  into  this  problem  was  made  as  a  result  of  Reference  4.22.  A  Boeing 
720  was  instrumented  to  measure  fuselage  boundary  layer  with  the  objective  of 
determining  the  effect  of  cabin  pressurization  on  the  fuselage  drag.  Several 
observations  can  be  made  from  this  work. 

o  First,  the  degree  of  waviness,  h/1 ,  caused  by  overpressure  deformation  of  the 
fuselage  surface  was  measured  to  be  0.00175.  This  corresponds  to  a  bulge 
height  of  0.035  inches  and  a  spacing  between  fuselage  frames  of  20  inches. 

o  The  measured  drag  increase  was  determined  to  be  CQ  =  0.0001,  which  is  approx¬ 
imately  5%  of  the  fuselage  drag. 

o  The  measured  drag  includes  the  effects  of  any  leakage  or  air  exhaustion  which 
would  occur  under  pressurization.  No  quantitative  breakdown  was  made  of  the 
relative  magnitude  of  drag  due  to  leakage  as  opposed  to  skin  bulging. 
Speculation  was  made  that  the  latter  would  be  less  of  a  factor. 

The  degree  of  waviness  determined  in  this  example,  h/1  =  0,00175,  is  an  order  of 
magnitude  smaller  than  the  smallest  value  shown  on  Figure  4.50.  Use  of  Figure  4.50  for 
a  CDm  value  corresponding  to  this  level  of  waviness  would  be  meaningless.  Although  the 
actual  size  of  the  additional  drag  due  to  the  surface  bulges  in  Reference  4.22  is  not 
known,  a  rational  assumption  of  one-third  of  the  total  would  imply  a  CDm  value  of  about 
0.015.  This  value  is  not  compatible  with  the  curve  of  Figure  4.50,  although  it  is  in 
general  agreement  with  the  results  for  the  smallest  h/1  tested. 

In  order  to  investigate  the  possibility  of  a  more  useful  correlation,  the  available 
test  data  have  been  converted  into  the  form  C^/C,^  vs  h+.  Figure  4.51.  Additional  data 
from  Reference  4.21  on  creases  has  also  been  included,  Figure  4.52,  since  this 
particular  roughness  configuration  is  very  similar  to  the  wave  configuration. 

At  the  higher  Mach  numbers,  where  there  is  significant  wave  drag,  the  familiar 
linear  variations  observed  for  other  excrescence  forms  are  also  present  in  these  data. 
A  fairly  orderly  progression  with  Mach  number  is  observed.  However,  the  subsonic 
(M  <  P.7)  data  do  not  exhibit  the  characteristic  drag  increase  with  increasing  roughness 
Reynolds  number.  In  fact,  the  data  are  more  or  less  scattered  about  a  residual  level  of 
CDtt/Cfe  approximately  5.0.  A  constant  value  of  cDm/Cfe  of  5.0  would  correspond  to  a 
10  to  20  percent  increase  in  skin  friction  drag  for  the  conditions  covered  by  the  data. 

In  Reference  4.24  where  correlations  of  the  wave  drag  from  the  Reference  4,21 
experiments  were  made  with  theory,  it  was  also  concluded  that  an  added  drag  coefficient 
was  present  in  the  order  of  10-15%  of  surface  friction.  This  level  of  skin  friction  was 
attributed  to  the  formation  of  Gortler  vortices  which  are  generated  in  the  concave 
regions  of  the  waves.  At  some  wave  height  the  vortex  strength  becomes  sufficient  to 
affect  the  friction  drag  and  the  amount  of  additional  drag  increases  roughly  with  the 
increase  in  h/1.  Apparently,  from  the  experience  of  Reference  4.22,  a  relative  wave 
height  of  h/1  =  .00175  was  sufficient  to  cause  increased  skin  friction.  However,  this 
has  not  been  sufficiently  substantiated  and  the  problem  of  an  inadequate  data  base  is 
further  underscored.  In  the  subsonic  range  and  for  low  h/1,  use  of  a  constant  value  of 
CDii/c'fe  =  5,0  seeras  t0  rePresent  a  conservative  approach  until  this  problem  is  resolved. 

At  higher  speeds  the  linear  variations  with  roughness  Reynolds  number,  Figure  4.51, 
4.52,  can  be  used  to  account  for  Mach  number  and  Reynolds  number  effects  due  to  surface 
waviness.  Unfortunately,  there  are  large  differences  in  the  slopes  of  Cw/C.  vs  h+  for 
the  configurations  tested  and  generalization  of  the  results  is  not  possible.  The 
recommended  approach  is  to  use  the  guidance  of  either  Figure  4.51  or  4.52  based  on  the 
degree  of  similarity  of  the  actual  surface  waviness  to  those  represented  by  the  data. 
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PigurB  4.52  Drag  of  Surface  Creases  vs  Roughness  Reynolds  Number 
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5.  FLOW  OVER  ROUGH  SURFACES  WITH  NON-UNIFORM  PRESSURE  DISTRIBUTION 
5.1  Drag  and  Momentum  Loss  Magnification  Factors  of  Isolated  Excrescences 

An  early  approach  (Reference  5.1)  to  the  problem  of  the  drag  increment  dee  to  an 
isolated  excrescence  in  a  non-uniform  pressure  distribution  was  to  assume  that  the 
increment  expressed  as  a  coefficient  in  terms  of  local  free  stream  conditions  was  the 
same  as  in  a  uniform  flow,  so  the  drag  was  simply  proportional  to  the  local  free  stream 
dynamic  pressure.  However,  in  1967  Nash  and  Bradshaw  (Reference  5.2)  demonstrated  that 
the  subsequent  history  of  a  boundary  layer  after  encountering  an  excrescence  was 
important  in  determining  the  associated  drag  increment,  and  this  could  be  very  different 
and  was  often  larger  than  that  calculated  on  the  assumption  of  simple  proportionality  to 
the  local  free  scream  dynamic  pressure  at  the  excrescence  position.  Their  argument  was 
developed  for  incompressible  flow  and  was  briefly  as  follows  for  the  flow  over  an 
aerofoil  section. 

The  Momentum  Integral  Equation  for  a  turbulent  boundary  layer  can  with  certain 
acceptable  assumptions  be  shown  to  lead  to  (see  Reference  2,2,  p336) 


A 

6/5  4.2  6/5  4.2  1/5  f  4. 

c  *  u  -  ft  '  u  ^(/•OlOO  v  /u  ax. 
w  e  eo  J  e 


Here,  suffix  o  refers  to  quantities  at  the  position  of  the  excrescence,  u  is  the 

G 

local  free  stream  velocity  at  the  edge  of  the  boundary  layer,  and  the  Reynolds  number  is 
assumed  to  be  high  enough  for  the  l/9th.  power  law  for  the  velocity  distribution  to  be 
applicable  (see  Section  2.1.2),  Hence  at  the  trailing  edge  (suffix  T) 
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Now  suppose  that  the  excrescence  produces  an  effective  change  in  the  local  value 
of  0  from  6  to  8a  +  A  0Q,  9 Q  being  the  value  at  the  excrescence  position  in  the 
absence  of  the  excrescence.  It  is  assumed  that  A  60  <§C  and  that  the  excrescence 
produces  nc  change  in  the  free  stream  flow  and  that  any  local  modification  in  the  form 
of  the  boundary  layer  velocity  profile  due  to  it  can  be  neglected.  Then  from  equation 
5(1)  the  corresponding  change  in  6 ^  is  given  by 


,  „  „  1/5  4.2  _ 

I  .2  A  3  J  e  T  u^T  -  1  ,2  A  9 


1/5  4.2 
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Hence  AeT/A90  =  (90/9T),/5  K0/vr>  •  5<2> 

We  refer  to  A  f?T/A  6  as  the  momentum  magnification  factor  (although  strictly  it  is  the 
momentum  thickness  increment  magnification  factor)  and  we  shall  write  it  as  m^. 


If  we  now  use  the  method  due  to  Squire  and  Young  (Reference  5.3)  for  solving  the 
momentum  integral  equation  for  the  wake  to  relate  9  ^  to  the  value  of  6  far  downstream 
and  hence  to  the  drag  coefficient  C^,  then  the  change  in  Cp  due  to  the  excrescence  is 


- - Jfll 
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found  tc  be  given  by 


a  co  '  2  Ki  /v„> 


3.2 


a  9 


T/c 


Here  cD  is  based  on  the  aerofoil  chord  c  and  the  undisturbed  stream  velocity  VQ„  Hence, 
making  use  of  5(2)  we  have 


iCn  =  2(u 


/V)4-2  (V  /u 


eT 
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(a  o0A) 


•  5(3) 


For  the  same  excrescence  on  a  short  element  of  a  flat  plate  and  zero  pressure 

gradient  with  undisturbed  free  stream  velocity  u  we  have 
=  J  eo 


CD^  fp  2  A  s  0/c' 

where  we  have  referred  (AC^)  ^  to  the  length  c. 
Hence  4  CD  ^  fp  =  md  ' 


where 


=  (u  /V  ) 
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5(4) 


5(5) 


and  is  called  the  drag  magni f icat ion  factor. 

We  see  that  m,  can  be  readily  underestimated  by  the  earlier  assumption  that 
2  a 

md  =  (ueo/VQ;  '  ueo  >  Vo*  Figure  5.1  shows  plotted  as  a  function  of  ueo/v0  for 
various  values  of  it  will  be  seen  that  is  not  very  sensitive  to  variations  in 

Nash  and  Bradshaw  did  some  experiments  which  broadly  supported  their  analysis 
and  demonstrated  the  inadequacy  of  the  earlier  assumption  for  non-uniform  pressure 
distributions . 

It  is  clear  that  one  can  adopt  any  other  method  of  prediction  of  boundary  layer 
development  to  determine  the  magnification  factor  and  in  particular  the  effects  of 
compressibility  can  be  included.  Cook  (Kef.  5.4)  used  the  Green  form  of  the  lag 
entrainment  method  (Ref.  2.27)  combined  with  the  compressible  form  of  the  Squire-Young 
wake  relation  and  compared  the  resulting  predictions  with  measurements  that  he  made  on 
square-sectioned  ridge  excrescences  on  two  aerofoils  over  a  range  of  subsonic  Mach 
numbers  up  to  0.77,  Reynolds  numbers  up  to  lb  x  10  1  ana  values  of  C,  no  to  C.6.  His 
basic  zero  pressure  gradient  data  were  derived  from  the  Gaudet,  Jonnson,  Winter  results 
(Ref.  5.5,  5.6,  5.7).  Some  comparisons  are  shown  in  Figures  5,2  and  o.3  for  the 

predicted  and  measured  drag  increments.  On  the  whole  the  prediction  method 
underestimated  the  increment,  by  about  107.  for  conditions  where  the  local  flow  was  sub- 
critical,  but  it  is  evident  that  at  higher  Mach  numbers  when  shock  waves  develop  near 
the  excrescences  the  predictions  become  less  reliable  because  of  <he  effects  of  the 
excrescence  on  the  shock  wave,  on  the  shock  wave-boundary  layer  interaction  and  the 
development  of  a  shock  wave  from  the  excrescence  itself.  It  will  be  seen  that  in  all 


cases  the  old  assumption  of  a  magnification  factor  simply  proportional  to  the  local 
dynamic  pressure  is  seriously  in  error.  It  must  also  be  noted  that,  in  order  to  achieve 
increments  large  enough  to  be  measured  with  adequate  accuracy  Cook's  excrescences 
sometimes  extended  to  about  h  /3  in  height  and  were  then  partially  outside  the 
logarithmic  law  of  the  walL  region  to  which  the  basic  Gaudet,  Johnson,  Winter  data 
apply.  This  may  well  explain  the  10%  or  so  underestimate  of  noted  above  when  no 
shock  wave  was  present. 
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Figure  5.1  Drag  Magnification  Factor  According  to  Nash  -Brad  show  Theory 
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AND  COMPRESSIBLE  FORM  OF  SQUIRE  &  YOUNG  LAW 
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Figure  5,3  Drag  Due  to  Square  Ridge  Excrescence  at  x/c  =  0,43  on 
Lower  Surface  of  Section  2814:  R  *  15  x  10^ 


Ambitious  theoretical  studies  have  been  made  by  Keates  (Reference  5.8,  5.9)  on  the 

effects  of  excrescences  on  the  characteristics  of  a  two  dimensional  high  lift 

configuration.  The  configuration  he  examined  consisted  of  a  wing  (RAE  2815  section) 

with  a  17%  chord  leading  edge  slat  and  a  40%  chord  Fowler  type  trailing  edge  flap.  Two 

arrangements  were  considered,  takeoff  with  slat  angle  =  28°,  flap  angle  =  10°,  and 

landing  with  slat  angle  =  28°  and  flap  angle  =  30°,  Keates  adapted  Irwin's  integral 

method  (Reference  5.10)  to  calculate  the  momentum  magnification  factor  m  over  the  rear 

m 

of  the  wing  for  various  positions  of  a  two  dimensional  excrescence  on  the  wing  and  he 
also  calculated  rom  over  the  rear  of  the  flap  for  various  excrescence  positions  over  the 
front  of  the  flap.  Irwin's  method  is  designed  to  predict  the  development  of  the 
boundary  layer  on  one  component  of  a  multi-component  lifting  system  in  the  presence  of 
the  wake  from  an  upstream  component.  Suitable  analytic  forms  for  the  velocity  profiles 
of  the  boundary  layers  and  wakes  are  chosen  so  as  to  represent  their  initial  separate 
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development  and  eventual  merging,  with  an  appropriate  number  of  unknown  parameters  to  bo 
determined  by  applying  the  momentum  integral  equation  to  the  appropriate  regions  of  the 
boundary  layer  and  wake  plus  assumptions  regarding  the  entrainment  rate  into  the  outer 
part  of  the  wake  and  the  shear  stress  values  at  a  number  of  positions  across  the 
boundary  layer  and  wake. 

Keates  made  the  usual  assumption  that  the  loca ,  effect  of  an  excrescence  was 
completely  defined  by  an  increment  in  momentum  thickness  related  to  its  drag  coefficient 
on  a  flat  plate  as  determined  in  the  Gaudet  et  al.  experiments.  Initial  smooth  surface 
values  to  start  the  calculations  were  derived  from  RAE  experimental  data  for  the 
configuration  considered  (References  5.10,  5.11).  The  calculations  of  the  magnification 
factor  on  the  wing  due  to  an  upstream  excrescence  on  the  wing  were  not  carried  over  on 
to  the  flap,  although  further  changes  in  the  factor  must  be  expected  as  the  wing  plus 
slat  wake  pass  over  the  flap.  The  results  of  the  calculations  were  compared  with  the 
predictions  of  the  Nash-Bradshaw  formula,  equation  5(2),  and  in  some  instances  with 
results  obtained  using  the  Green-Head  entrainment  method  (Reference  2.27)  for 
determining  the  viscous  flow  development  treated  as  a  single  boundary  layer  (i.e.  the 
wake  modification  of  the  velocity  profile  was  not  allowed  for,  but  its  additional 
momentum  defect  was  included). 

In  general  Keates  found  that  the  effect  of  different  excrescence  heights  on  ra  was 

m 

small,  and  such  changes  that  there  were  reflected  the  effects  on  the  merging  position  of 
the  boundary  layer  and  the  wake  of  the  preceding  element.  Figure  5.4  illustrates  the 
effects  of  incidence  on  m  at  the  rear  of  the  wing  portion  in  the  take-off  arrangement 
due  to  excrescences  at  three  different  positions.  For  all  the  excrescences  the  ratio 
A#0/$Q  was  kept  constant  and  equal  to  0 . 1 .  It  should  be  noted  that  this  implies  an  in¬ 
crease  of  A  6n  with  rearward  movement  of  the  excrescence  since  6  increases  with  distance 
o  o 

downstream.  Also  shown  arc  the  correspond iuy  values  of  given  by  the  Nash-Bradshaw 
formula  (t>mNB)  and  it  will  be  seen  that  the  two  sets  of  predictions  are  in  reasonable 
agreement  for  incidences  up  to  about  14°  but  for  incidences  greater  than  14°  the  Nash- 
Bradshaw  predictions  are  appreciably  lower  than  those  of  the  Irwin  type  calculation. 
The  large  values  of  m^  with  the  excrescences  well  forward  in  regions  of  high  local 
suction  are  particularly  noteworthy.  Similar  results  for  the  landing  configuration  are 
shown  in  Figure  5.5  and  some  results  obtained  for  excrescences  on  the  flap  for  the  take¬ 
off  configuration  and  15°  are  shown  in  Figure  5.6. 

5.2  Magnification  Factors  for  Multiple  Excrescences  and  Distributed  Roughnesses 

Following  Lacey's  work  on  square  sectioned  ridges  in  zero  pressure  gradient  flow 
(see  Section  4. 3. 2. 4)  similar  work  was  done  by  Rabbo  at  Leicester  University  (Reference 
5.13)  in  two  adverse  gradients.  Both  cases  were  planned  to  achieve  equilibrium 
turbulent  boundary  layers  with  a  free  stream  velocity  distribution  of  the  form  ue  = 
uo(x/xq)  a,  where  x  is  the  distance  downstream  from  an  appropriate  datum,  xQ  is  the  value 
of  x  for  the  first  ridge  and  uQ  is  the  value  of  et  the  first  ridge.  Some  resulting 
deductions  are  presented  in  Figure  5.7  and  5.8  in  the  same  form  as  the  results  for  zero 
pressure  gradient  in  Figure  4.46.  In  one  case  the  index  a  =  0.13  and  it  corresponded  to 
a  value  of  the  Coles'  pressure  gradient  parameter  II  =  1.2,  in  the  other  case  a  =  0.2, 
corresponding  to  II  =  2.0.  In  each  case  the  drag  per  unit  span  of  the  ridge  systvmAD  is 
as  measured  immediately  downstream  of  the  last  ridge. 

It  will  be  seen  from  Figure  5.7  and  5.8  that  with  increase  of  the  adverse  pressure 
gradient  the  maximum  drag  increment  for  a  given  array  tended  to  decrease  presumably 
because  of  the  accompanying  reduction  in  pressure  drag  of  the  excrescences.  Also  the 
spacing  s/h  for  maximum  drag  increment  for  a  given  L/h  decreased  somewhat  from  about  12 
for  zero  pressure  gradient  to  about  10  for  II  =  2.  This  was  associated  with  a  small 
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Figure  5.5  Effect  cf  Incidence  on  Modification  Factor  on  Wing  for  Landing  Configuration  (Keafes) 
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reduction  with  adverse  pressure  gradient  in  the  length  of  the  downstream  separation 
bubble  for  a  single  ridge  from  about  8.7h  with  zero  pressure  gradient  to  about  7h  for 
II -•  2.  It  should  be  noted,  however,  that  these  results  were  for  pressure  gradients  much 
smaller  than  that  required  to  bring  the  boundary  layer  close  to  separation.  They  will 
not  apply  when  the  possibility  arises  that  the  excrescences  may  trigger  separation  and 
hence  produce  large  changes  in  drag  much  greater  than  those  illustrated  in  Figure  5.7 
and  5.8.  Such  changes  would  then  be  accompanied  by  large  lift  changes  if  the 
excrescences  were  on  a  wing.  It  should  also  be  noted  that  for  bluff  excrescences  ex¬ 
tending  outside  the  boundary  layer  somewhat  longer  separation  bubbles  may  be  expected  of 
about  12h  in  length  (see  for  example  Reference  5.14). 

For  uniformly  distributed  roughness  in  non-zero  pressure  gradients  it  seems 
reasonable  to  assume  that  Figure  3.5  may  be  expected  to  be  applicable  for  determining 
the  drag  increment  A  D,  if  D  is  the  drag  of-  the  smooth  surface,  provided  that  the 
equivalent  sand  roughness  height  is  small  compared  with  the  boundary  layer  thickness 
and  the  boundary  layer  is  not  close  to  separation.  This  assumption  is  based  on  the 
argument  that  the  magnification  factor  is  already  accounted  for  in  D  since  the  drag 
contribution  of  each  element  of  the  smooth  surface  will  be  subject  to  the  associated 
magnification  factor  in  making  its  contribution  to  n  and  any  local  roughness 
contribution  will  be  subject  to  the  same  factor.  Analysis  of  the  results  obtained  by 
Jones  and  Williams  (Reference  5.15)  using  carborundum  roughness  on  two  aerofoils,  by 
Ljungstrom  (Reference  5.16)  using  aluminum  oxide  grinding  paper  on  an  aerofoil  with  a 
flap  and  slat  and  by  Young  (Reference  5.19)  using  camouflage  paint  shows  the  results  to 
be  reasonably  consistent  with  this  hypothesis. 

It  may  be  recalled  that  Nikuradse's  sand  roughness  grains  were  fairly  uniform  in 
size  and  were  closely  packed,  and  their  drag  effect  was  appreciably  less  than  if  they 
had  been  distributed  some  ten  grain  sizes  apart.  It  may  be  inferred  that  any  similarly 
closely  packed  and  nearly  uniform  roughnesses  will  have  an  equivalent  sand  roughness 
height  much  the  same  as  the  average  roughness  height.  On  th-’  other  hand,  the  camouflage 
paints  tested  by  Young  had  roughness  heights  showing  considerable  variation  and  for  each 
the  equivalent  sand  roughness  height  was  some  60%  larger  than  the  average;  it  could  be 
equated  with  the  largest  roughness  height  that  occurred  vich  fair  frequency  but  at 
sufficient  distance  apart  for  the  roughnesses  not  to  seriously  interfere  with  each 
other . 


Further  discussion  of  predictive  methods  for  determining  the  development;  of  the 
boundary  layer  and  its  characteristics  in  the  presence  of  distributed  roughness  is  given 
in  Section  5.5. 

5.3  Effect  of  Excrescences  on  C  of  Aerofoils 
_ _ Lmax _ _ 

In  regions  of  strong  adverse  pressure  gradient  the  increase  due  to  upstream  or 
local  roughness  of  the  boundary  layer  momentum  thickness  as  well  as  the  associated 
changes  of  the  boundary  layer  velocity  profile  may  trigger  or  hasten  flow  separation. 
Hence  an  aerofoil  with  excrescences  on  its  upper  surface  will  in  general  demonstrate 
some  reduction  of  cLln  depending  on  the  size  of  the  excrescences,  their  location  and 
the  Reynolds  number.  Not  surprisingly,  it  is  excrescence  locations  close  to  the  leading 
edge  on  the  upper  surface  for  which  the  reduction  of  CLmax  can  be  very  marked  since  the 
adverse  gradients  are  high  there  at  incidences  near  the  stall  and  the  magnification 
factors  are  very  large.  The  situation  is  complicated  by  the  fact  that  depending  on  the 
wing  geometry  as  well  as  the  factors  referred  to  above  the  flow  separation  may  either 
occur  close  to  the  excrescence  and  spread  rapidly  downstream  or  it  may  start  from  the 
tear  of  the  wing  and  spread  forwards.  The  farmer  is  the  more  likely  the  larger  the 
excrescence  and  the  smaller  the  nose  radius  of  curvature  of  the  wing. 
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For  the  effects  on  C, of  uniformlv  distributed  roughness  over  the  upper  surface 
of  a  wing  or  high  lift  configuration  there  are  only  a  few  sources  of  data  to  which  we 
can  refer,  namely,  Jones  and  Williams  (Reference  5.15),  Gregory  and  O'Reilly  (Reference 
5.17),  Weeks  (5.18)  and  Ljungstrom  (5.16).  These  last  three  references  were  directed  at 
the  effects  of  hoar  frost  and  surfaces  that  would  not  be  exposed  under  normal  conditions 
(e.g.  parts  of  the  wing  leading  edges  under  slats  when  closed)  were  not  covered  with 
roughnesses  when  tested.  In  each  case  an  attempt  has  been  made  in  analyzing  the  data  to 
relate  the  ratio  A  ^rmax/CLmaj(  (clean)  for  a  given  roughness  to  the  corresponding  ratio 
A  D/D  for  the  roughness  on  both  surfaces  of  a  flat  plate  at  zero  incidence  and  the 
Reynolds  number  of  the  wing  under  test  in  terms  of  its  mean  chord  length.  Given  the 
equivalent  sand  roughness  height  the  latter  can  be  determined  from  Figure  3.5?  in  the 
absence  of  adequate  details  of  the  roughnesses  tested  the  equivalent  sand  roughness 
height  was  taken  as  1.6  times  the  average  roughness  height  (in  view  of  the  results  of 
Reference  5.19).  This  was  done  in  the  cases  of  the  data  of  Weeks  and  of  Ljungstrom,  in 
the  other  two  cases  there  were  sufficient  data  to  enable  direct  estimates  of  AD/D  to  be 
made  without  the  intermediate  step  of  determining  an  equivalent  sand  roughness  height. 
The  results  are  presented  in  Figure  5.9  where  three  mean  curves  are  indicated  for  the 
cases  of  the  wing  alone  (W) ,  wing  with  flap  (WF)  ,  and  wing  with  flap  and  slat  extended 
(WFS ) .  The  likely  accuracy  of  these  curves  can  be  inferred  from  the  scatter,  but  it  is 
as  well  to  note  that  the  data  are  all  for  wind  tunnel  Reynolds  numbers  (i.e,  of  the 
order  of  2.5-6  x  106),  although  it  is  to  be  hoped  that  the  use  of  the  ratio  A  D/D  as 
abscissa  will  implicitly  account  in  large  measure  for  Reynolds  number  effects. 

It  can  be  seen  that  the  greatest  sensitivity  to  small  to  moderate  roughnesses  is 
shown  by  the  wing  with  flap  extended,  presumably  due  to  the  very  high  suctions  near  the 
leading  edge  engendered  by  flap  movement  and  the  associated  large  magnification  factors. 
In  contrast,  a  leading  edge  slat  helps  to  reduce  the  suction  intensity  over  the  wing  and 
hence  the  sensitivity  to  roughness. 
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Figure  5.9  MAX  '^LMAX  (^^AN)  as  Function  of  AD/D  Due  to  Uniformly  Distributed 
Roughness  over  Upper  Surface  of  Various  Wing  Arrangements 


Keates  (Reference  5.9)  has  estimated  the  effect  of  an  upper  surface  isolated  ex¬ 
crescence  on  C^max  Eor  t*le  h*-gh  lift  configuration  that  he  considered  (see  Section  5.1) 
in  the  take-off  arrangement.  He  assumed  that  in  all  cases  CLmax  was  attained  when  the 
value  of  the  boundary  layer  form  parameter  H  was  the  same  at  the  rear  of  the  wing  por¬ 
tion  as  for  Cj.  max  as  measured  without  the  excrescence  on  the  wing  (1.83).  The  validity 
of  such  an  assumption  is  by  no  means  established  but  the  results  are  of  some  interest, 
figure  5.10a  shows  the  calculated  values  of  A  C  /C.  as  a  function  of  A  9.  /  6  and 
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different  roughness  locations  XwQ  (it  will  be  recalled  that  A f)Q  increases  as  XwD  in¬ 
creases  for  a  given  value  of  A(*o/0o).  Also  shown  in  Figure  5.10b  are  the  calculated 
values  of  A C. __,/Cr „„„  (clean)  against  excrescence  position  for  a  rearward  facing  step 
of  height  lmm  (h/c  «  0,0011);  here  the  rapid  increase  in  sensitivity  of  CImax  to  forward 
movement  of  the  excescence  location  is  clearly  evident. 

5.4  The  Effects  of  Control  Gaps 

Control  gaps  can  increase  drag  for  a  variety  of  reasons.  The  inevitable  disruption 
of  the  contour  of  the  main  lifting  surface  may  induce  some  changes  in  the  boundary  layer 
development  and  possible  local  flow  separation.  Flow  through  the  gap  due  to  the 
pressure  difference  across  it  will  be  accompanied  by  losses  which  may  be  augmented  by 
this  flow  interfering  adversely  with  the  boundary  layer  into  which  the  flow  emerges  and 
may  induce  separation  there.  The  disrupted  geometry  effects  may  be  expected  to  be 
relatively  insensitive  to  changes  of  incidence  and  lift  coefficient  but  the  effects  due 
to  the  flow  through  the  gap,  being  associated  with  the  pressure  difference  between  upper 
and  lower  surfaces  there,  will  be  closely  dependent  on  the  lift  coefficient. 

Hoernor  (Reference  5.1)  has  analyzed  some  data  for  two  dimensional  controls  and  has 
presented  the  wing  drag  coefficient  increments  as  a  function  of  gap/chord  ratio.  With 
some  scatter  his  results  fall  reasonably  close  to  a  mean  curve  given  by: 

ACD  =  0.007  (e/c)3X5,  for  the  control  at  zero  setting. 

Here  AC^  is  based  on  the  wing  area  and  e  is  the  sum  of  the  upper  and  lower  surface 
gap  width  where  both  exist.  The  definition  of  gap  width  is  somewhat  arbitrary,  the 
sketches  of  Figure  5.11  illustrate  the  conventions  adopted  by  Hoerner. 


XWD  =  Xc/C'  WHERE  Xo  15  STANCE 


figure  5-1°  AC,  „Ay  /C,„AV  (CLEAN)  as  Function  of  A  fl  /  6  Various  Excrescence 
ImAA,  LMAa,  O  O 

Locations  on  Wing  Portion  of  High  Lift  Configuration;  b)  As  Function  of  for 

a  Rearward  Feeing  Step  of  Height  lmm  (0.0011c)  (Keates) 
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A)  HOERNER'S  DEFINITION  OF  GAP  WIDTH 


CONFIGURATION: 


A:  W  =  0 .0067c 
B:  W=  0.0033c 


C:  W  =  0.0067c 
D;  W  =  0.0033c 


E:  W  =  0.0067c 


B)  CONFIGURATIONS  TESTED  BY  COOK  (e  =  2W) 


Figure  5.11  Spanwise  Control  Gaps 


However,  we  have  to  note  that  this  formula  does  not  reflect  any  variation  with  wing 
CL  and  hence  cannot  properly  account  for  variations  in  the  flow  through  the  gap.  Also 
the  data  used  were  predominantly  for  slotted  flaps  where  the  gap  entry  contours  can  be 
carefully  designed  to  minimize  drag  effects  for  zero  control  angle  and  the  flow  through 
can  be  blocked  by  an  upper  surface  shroud.  We  can  therefore  expect  this  formula  to  be 
somewhat  optimistic  when  compared  with  results  for  ordinary  controls  where  the  geometry 
is  more  limited  by  the  need  to  operate  the  control  effectively  in  both  directions  from 
the  zero  setting. 

Cook  (Reference  5.4)  has  tested  a  number  of  two  dimensional  control  configurations 
illustrated  in  Figure  5.11  for  a  range  of  Reynolds  numbers  up  to  15  x  106  and  a  Mach 
number  of  0.665.  The  wing  section  was  the  2815  section  (t/c  =  0.14).  His  results 
showed  little  effect  of  Reynolds  number  on  the  drag  increment  and  they  also  illustrated 
the  fact  that  the  control  gaps  produced  significant  changes  in  the  pressure  distribution 
over  the  whole  of  the  wing  surface  resulting  in  a  small  reduction  in  lift  at  a  given 
incidence.  The  drag  increments  due  to  the  gaps  also  showed  a  variation  proportional  to 
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(gap  width)  .  Cook  then  argued  that  the  mass  flow  through  the  gap  can  be  expected  to 

3 

be  approximately  a  function  of  e  /I  where  1^  is  the  length  of  the  gap  passage  from 
entry  to  exit.  This  is  based  on  the  theoretical  result  for  the  flow  through  a  channel 
of  length  1  with  an  applied  pressure  difference.  Hence,  Cook  argued  that 
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A  C0  (lgC'/w  )  '  should  be  a  function  of  (•■  -  CpUg )  where  CpLg  is  the  pressure 

coefficient  on  the  lower  surface  at  the  position  of  the  gap  and  is  that  on  the 

upper  surface.  Also  w  is  a  single  gap  width  and  corresponds  to  e/2.  His  resulting  plot 
is  shown  in  figure  5.12  for  the  three  types  of  configuration  that  he  tested  and  it  will 
be  seen  that  a  reasonable  collapse  of  the  data  resulted  for  each  type,  with  types  A,  B, 
C  and  □  collapsing  close  to  a  common  curve.  Not  surprisingly,  E  with  its  sharp  edges  at 
entry  and  exit  results  in  a  curve  departing  from  the  others  at  the  higher  values  of  the 
pressure  difference.  The  value  indicated  for  the  A,  B,  C  and  D  configurations  with  zero 
pressure  difference  was  deduced  from  measurements  made  with  the  gap  blocked  internally 
so  that  there  was  no  flow  through  it  and  the  dashed  part  of  the  curve  is  an  inferred 
extrapolat ion . 


Some  wind  tunnel  data  have  been  obtained  on  a  model  of  the  outer  panel  of  the  HS125 
wing  tested  with  a  variety  of  ailerons,  both  internally  balanced  and  with  round  noses, 
and  with  a  range  of  gap  widths.  These  data  have  been  similarly  analyzed  in  terms  of  the 
presentation  of  Figure  5.12.  Such  an  analysis  is  inevitably  approximate  as  quantities 
such  as  1  ate  difficult  to  define,  let  alone  measure,  for  internally  balanced  controls; 
fortunately  the  presentation  is  relatively  insensitive  to  1  .  It  is  also  difficult  to 
determine  gap  width  with  adequate  precision  if  it  varies  considerably  throughout  the  gap 
passage  as  with  the  round  nosed  ailerons  tested.  For  what  they  are  worth  the  results 
are  indicated  in  Figure  5.12  by  the  vertical  lines  showing  the  range  of  values  obtained 
corresponding  to  =  0,1  and  0.4.  The  upper  end  of  each  vertical  line  corresponds  to 
the  round  nosed  ailerons,  whilst  the  lower  end  corresponds  to  the  internally  balanced 
ailerons.  It  seems  that  for  preliminary  prediction  purposes  Figure  5.12  could  be  used 
to  provide  a  rough  guide  to  the  values  of ACD  (based  on  control  span  x  local  wing  chord) 
to  be  expected  for  the  spanwise  gaps  associated  with  trailing  edge  controls  at  zero 
setting . 

Hoerner  also  presents  some  results  for  longitudinal  slots  in  the  form  of  drag 
coefficient  increments  based  on  slot  plan  area  (width  x  length) .  For  a  slot  alongside  a 
moving  trailing  edge  control  he  quotes  an  increment  so  based  of  0.5,  as  compared  with  a 
slot  alongside  a  leading  edge  control  for  which  the  increment  is  1.5.  Cook  tested  some 
trailing  edge  control  longitudinal  gaps  and  on  the  same  basis  his  drag  coefficient 
increment  was  about  0.3  and  was  practically  independent  of  CL  up  to  CL  «=  0.6, 


Finally,  we  must  note  the  observation  of  Hoerncr  that  when  the  contour  of  a 
trailing  edge  control  was  slightly  proud  of  the  wing  surface  ahead  some  reduction  of  the 
spanwise  gap  drag  occurred.  this  reduction  was  about  40%  for  each  surface  for  a  value 
of  A  h/t  0.15,  where  Ah  =  maximum  height  of  the  control  contour  above  the  local  wing 
contour  and  t  *  thickness  of  the  control.  A  negative  value  of  A  h  results  in  an  ever, 
more  dramatic  increase  of  the  drag  increment.  These  results  need  further  investigation 
before  they  can  be  generally  accepted. 

5.5  Prediction  Methods  for  Distributed  Roughness 

We  have  already  briefly  described  in  Section  5.1  methods  that  have  been  adopted  for- 
dealing  with  the  drag  effects  of  isolated  excrescences.  For  such  cases  we  have  seen 
that  the  excrescences  can  be  regarded  as  equivalent  to  a  local  jump  in  the  momentum 
thickness  with  possibly  a  change  in  the  form  parameter  H  and  the  calculation  can  then 
proceed  as  for  a  smooth  surface.  For  distributed  roughness,  however,  there  are 
important  changes  in  the  boundary  conditions  at  the  surface  and  associated  changes  in 
the  mean  velocity  distribution  and  turbulence  characteristics  near  the  surface  due  to 
the  roughness  that  must  be  taken  into  account.  How  this  is  done  depends  on  the 
particular  smooth  surface  method  that  is  being  adapted  to  deal  with  the  rough  surface 
problem.  For  integral  methods  it  is  clear  that  the  changes  in  the  law  of  the  wall 
region  due  to  changes  in  the  skin  friction  must  carry  most  weight,  whilst  for 
differential  methods  the  changes  in  local  turbulence  characteristics  must  also  play  a 
part  depending  on  the  form  of  method  chosen. 

An  early  integral  method  for  incompressible  flow  was  that  of  Van  Driest  (Reference 

2.7).  He  argued  that  roughness  would  modify  his  suggested  viscous  damping  factor 

F  -  [1  -  exp  (-y  /«  )  j  so  that  tii«  factor  would  become  unity  for  roughnesses  iarqe 

enough  to  destroy  the  viscous  sub-layer  and  he  inferred  from  Nikuradse's  experiments  as 

well  as  Laufer's  measurements  (Reference  5.20)  th-.t  this  condition  corresponded  to  fully 

developed  roughness  flow  (k  +  60).  Accepting  the  value  26  for  the  constant  A  he 

s  o 

therefore  postulated  that  for  a  rough  surface 

F  =  1  -  exp  (-/  /26)  +  exp  (-6 0y+/26k  )  for  0^  k  *  ^  60  5(6) 

s  5 

where  kg  is  the  equivalent  sand  roughness  height.  He  deduced  from  this  and  the  momentum 
integral  equation  a  law  of  the  wall  relation  between  u+,  y' ,  and  k„  .  For  kg+  >  60  he 
argued  on  dimensional  grounds  and  the  available  experimental  data,  as  in  Section  3.2, 
that 

+  1 
u  -  const-.  +  — j?’  ln(y/ks)- 

We  remind  the  reader  that  u+  =  u/u  ,  y+  =  yu  /v ,  k+  “  ku  /v ,  etc. 

T  t  t 

He  deduced  for  pipe  flow  with  the  walls  smooth  that 

l/(cfn,)1/2  =  -0.39t4.°8,oSl0(Rm  cj/2), 
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whereas  prandtl's  formula  (Reference  5.21)  based  on  Nikutadae'g  experiments  Is 


With  the  walls  rough  enough  for  fully  developed  rough  flow  he  similarly  deduced  that 

l/(ifln),/Z  =  3.64  +  4.°e  log,0(a+A+s).  5(7) 

We  can  compare  this  to  the  best  fit  to  the  available  data 

>/(cfm)'/2  =  3.4€  Mlog}0(oVk+s).  5(8) 

Here  is  the  skin  friction  coefficient  based  on  the  mean  velocity  and  R  is  the 

f  m  1  m 

Reynolds  number  based  on  the  mean  velocity  and  the  pipe  diameter  (2a). 

Similarly  he  was  able  to  determine,  using  5(6),  the  local  skin  friction  coefficient 

as  a  function  of  R  and  k  for  the  intermediate  regime  (i.e.  k  y <  60),  but  the  results 
ms  s 

do  not  lend  themselves  to  any  simple  analytic  formulation.  It  will  be  noted  that  he  did 
not  consider  any  form  of  roughness  other  than  Nikuradse's  sand  roughness. 

Subsequently  Dvorak  (Reference  5.22)  directed  his  attention  to  the  problem  of  a 
surface  with  any  general  form  of  distributed  roughness  large  enough  for  fully  developed 
roughness  flow  in  a  non-uniform  pressure  distribution.  We  have  from  equation  3(18) 

1  /?  *  * 

(2/c,  )  '  -A  In  (5  u  /v)  +  B  +  2AIT  -a  u/u  +  A  In  (5  u  /  <>  u  ). 
re  ^  e 

But  from  equation  3(19)  we  can  deduce  that 

6  u  /ju  =  l/A  (1  +  11)  =  function  of  the  Clauser  parameter  G,  only, 
t  e 

and  so  we  can  write 

(2/cfe  )’/2  =  A  In  (5*  ue /v )  +  C  -  a  „  +  ,  5(9) 

where  C  =  B  +  2A  +  A. In  (bu  /b  u  )  and  is  also  a  function  of  G  only,  and  Au  =  A  u/u_. 

T  e  t 

For  zero  pressure  gradient  G  =  6.7  and  C  =  4.8. 

Also  we  have  equation  3(15)  for  fully  developed  roughness  flow 

■f  + 

AU  =  A  In  k  +  D 
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where  D  is  a  function  of  the  roughness  geometry  and  spacing  {  *--2.73  for  Nikuradse's 
sand  roughness). 

Dvorak  chose  to  deal  with  the  effect  of  pressure  gradient  by  treating  C  as  the  sum  of 
its  zero  pressure  gradient  value  CQ,  say,  plus  a  term  Au^  =  Au2/uT  representing  the 
effect  of  the  pressure  gradient  (and  hence  a  function  of  G)  on  the  right  hand  side  of 
equation  5(9).  Thus,  he  wrote 

(2/cfe)1//2  =  A  In  (6*  /v)  4  Co  +  a  «2  “  A  u+  5(10) 

and  he  deduced  from  exper imental  data  that 


A  Uj  =  1  .253  (G  -  6.7)  for  G  >6.7  (adverse  pressure  gradient) 

=  0.404  (G  -  6.7)  for  G  <  6.7  (favorable  pressure  gradient). 


5(H) 


He  adopted  Head's  entrainment  relation  (Reference  2.13),  which  he  assumed  was 
unchanged  by  surface  roughness  since  the  latter  has  no  effect  on  the  outer  region  of  the 
boundary  layer  which  controls  the  entrainment  rate.  This  relation  combined  with 
equations  5(10)  and  3(15)  enabled  him  to  solve  the  momentum  integral  equation  for  any 
given  sand  toughness  in  any  prescribed  pressure  distribution.  To  determine  the 
equivalent  sand  roughness  for  a  given  roughness  of  a  different  kind  he  used  a 
correlation  based  on  Betterman's  data  (Reference  3.7)  for  A  u+  as  a  function  of  A  (  = 
total  surface  area/roughness  area)  a  correlation  that  was  later  improved  upon  by  Grabow 
and  White  (Reference  3.16)  as  reproduced  in  Figure  3.10.  Dvorak  compared  the 
predictions  of  his  method  with  available  experimental  data  and  on  the  whole  found 
satisfactory  agreement. 

More  recently  Blanchard  (Reference  3.8)  has  developed  a  number  of  different 
methods,  both  integral  and  differential,  and  compared  their  predictions  with 
experimental  data  and  assessed  their  relative  merits. 

His  integral  method  is  an  extension  of  a  method  developed  by  Houdeville  and 
Cousteix  (Reference  5.23)  for  smooth  surfaces  and  is  similar  to  that  of  Dvorak  insofar 
as  it  involves  equation  5(9),  the  momentum  integral  equation  and  the  Head  entrainment 
equation.  However,  he  has  used  a  system  of  similar  solutions  providing  a  uni-parametric 
set  of  velocity  profiles  with  the  Clauser  parameter  G  as  the  characteristic  parameter, 
and  hence  he  has  determined  C,  6*,  and  8  as  functi  us  of  G.  He  has  also  made  use  of  the 
Grabow-White  correlation  (Figure  3.10)  to  determine  the  equivalent  sand  roughness  for 
any  given  roughness.  However,  since  the  concept  of  an  equivalent  sand  roughness  applies 
strictly  to  the  fully  developed  roughness  regime  but  not  to  the  intermediate  regime, 
Blanchard  developed  an  empirical  set  of  relations  for  the  latter  as  follows:- 

For  sand  roughness  Au„  +  =  0,(k+  <5,32,) 
s 

=  22  (k+)0'1  -  26,(5.32  <  k+<  69,) 

_ L_  +  , 

=  In  k  -  2.73,  (69  <  k  .) 


0.41 
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Foe  the  given  toughness  for  which  the  equivalent  sand  roughness  height  -  k/u  , 


calculate  A  u  + 
s 

for  kg+  «  k+, 

then 

Au+ 

=  A  u  +  -  (a/0.41) . In  « 
s 

where 

a 

■  1  -  exp  [  -(Au  +/3.5  )2 

This  brief  description  of  Blanchard's  integral  method  applies  strictly  to 
incompressible  flow.  For  compressible  flow  he  made  use  of  a  series  of  transformations 
which  formally  reduce  the  basic  three  equations  to  forms  similar  to  their  incompressible 
form.  In  addition  the  energy  equation  is  introduced  and  so  the  heat  transfer  at  the 
surface  is  determined  along  with  the  other  boundary  layer  quantities  given  the 
appropriate  initial  conditions. 

The  differential  methods  considered  by  Blanchard  can  be  briefly  summarized  as 
follows :- 

a)  The  use  of  the  mixing  length  concept  for  closure  of  the  momentum  and  energy 
equations.  Here  a  method  previously  developed  for  smooth  surfaces  by  Quemard  and 
Acchambaud  (Reference  2.29)  was  adapted  to  deal  with  rough  surfaces  by  assuming  a  non¬ 
zero  mixing  length  at  the  surface  empirically  related  to  the  roughness. 

b)  The  use  of  the  transport  equations  for  the  kinetic  energy  of  the  turbulence 
( k t )  and  the  turbulence  dissipation  (t)  with  associated  closure  assumptions  (see  Section 
2.1.4)  in  addition  to  the  mean  momentum  and  energy  equations.  This  is  essentially  the 
method  developed  by  Jones  and  Launder  (Reference  2.20)  for  smooth  surfaces  but  with 
assumed  non-zero  values  of  kt  and  c  at  the  surface  related  empirically  to  the  roughness. 
A  modification  of  this  method  (the  so-called  'mixed  method')  employs  the  concept  of  the 
mixing  length  in  a  thin  layer  adjacent  to  the  surface.  The  outer  boundary  of  this  layer 
is  assumed  to  be  where  the  Van  Driest  damping  factor  F  =  0.99  and  the  starting  values 
for  and  e  for  the  rest  of  the  boundary  layer  are  determined  there. 

c)  There  is  an  assumption  involved  in  a)  and  b)  above  of  a  fictional  surface  with 
non-zero  turbulence  characteristics.  Blanchard  examined  an  alternative  approach  and 
introduced  into  the  momentum  equation  a  drag  term  calculated  directly  from  a  suitably 
simplified  form  of  the  geometry  of  the  roughnesses  coupled  with  empirical  data.  This 
concept  was  used  by  Finson  (Refeicuce  5.24)  who  also  added  associated  terms  in  the  k^. 
and  (  transport  equations  but  found  their  effect  negligible  compared  with  the  direct 
drag  contribution. 

All  the  above  methods  were  extended  by  Blanchard  to  deal  with  transpiration  at  the 
surface  by  the  use  of  the  velocity  transformation  first  introduced  by  Stevenson 
(Reference  5.25)  which  leaves  the  basic  relations  unchanged  in  form. 

For  the  mixing  length  method  a)  the  mixing  length  i  near  the  surface  was  taken  to 
be  of  the  form 

*'=(y/A)+lo  exp  (-y/AC  ) 


so  that  at  the  surface  (y  =  0)  t 
with  Nikuradse's  experiments  and 
function  was  retained  in  the  form 


=  t  .  The  constant  C  was  chosen  to  yield  agreement 
was  determined  thus  as  1,5.  Van  Priest's  damping 

F  =  1  -  exp  (  -  l  +  /  10.66  ), 


with  T=T  u/Jy  +  p 


9  2  2  + 

r  t  fou/oy)  ,  and  l  -  l  u  /  v , 


po  that  at  the  surface 


Fo  =  l  -«cp(-t*  /  10.66). 


Blanchard  found  that  the  corresponding  ratio  at  the  surface  of  the  turbulent  to  viscous 
stress  (  t  t/  t  (  )  can  be  related  to  the  equivalent  sand  roughness  height  for  fully 
developed  roughness  flow  by 


<Tt/T/)o  =  °*024  ks+  +  0l25 


and  it  is  related  to 


by 


F  t 
o 


+ 

o 


=  (t 


r  i +Tt/ 


T  )  "I 
l  '  O  J 


1/2 


(Tf  A 


+  0.5. 

o 


For  the  intermediate  regime  (  kg+  <  90)  he  suggested  an  empirical  relation 

Foi0  ~D(a)  [  -  4  ]  ,  with  D  (a)  given  by 

log]0D=1.89a',/3-2.43. 


Corresponding  to  equation  2(23)  for  the  variation  of  the  mixing  length  over  the  boundary 
layer  thickness  he  adopted  the  relation 


t/5  =0.065  tanh  ( 


k 

0T085 


-  K 

a ) 


For  the  transport  equations  method  b)  a  scale  length  (L)  and  scale  velocity  (U)  are 
introduced  such  that  L  =  Ck^^^/r,  U  =  k  ^^/C,  where  C  «  <2a^)3//2  and  a^  =^0.15  (as  for 
a  smooth  surface).  Then  the  boundary  values  ktQ  and  t  0  at  the  fictional  surface  are 
derived  from 


k*  =  k  /u2  =  (CU+  )2  ,  £  + 
to  to  T  o  '  O 


£v/u4  =cv>3/L; 


where  UQ+  and  Lq+  are  empirically  related  to  kg+  =  k-suT/v  by 

U+  =  U  /u  =11  fl  -  exp  (-L  /3.3)1  and  L  =  L  u  /. 
oot  t  o  J  OOt 


=  0.35  (k 


1/2 
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Blanchard  first  compared  the  predictions  of  the  differential  methods  a)  and  b)  above 
with  the  results  of  his  own  experiments  in  incompressible  flow  involving  abrasive  paper 
(k  *  0.6mm)  in  zero  pressure  gradient.  Some  of  his  comparisons  arc  shown  in  Figure  5.13 
and  5.14  and  it  will  be  seen  that  there  is  little  difference  between  the  predictions  oi 
the  methods  but  the  mixing  length  method  shows  closest  agreement  with  the  experimental 
results  and  is  the  simplest  of  the  differential  methods.  The  same  conclusion  emerged 
from  comparisons  with  the  results  of  tests  on  a  porous  surface  with  transpiration.  The 
predictions  of  method  c)  proved  somewhat  less  satisfactory  than  those  of  the  other 
methods  particularly  with  regard  to  the  skin  friction  at  the  surface. 

The  integral  method  can  be  used  for  predicting  integral  quantities  only  but  its 
predictions  proved  to  be  as  reliable  as  those  of  the  mixing  length  method,  as  is  evident 
in  Figure  5.15.  Further  comparisons  including  the  case  of  a  moderate  adverse  pressure 
gradient  confirmed  the  general  reliability  of  the  mixing  length  method  (see  Figure 
5.16).  The  predictions  of  the  compressible  flow  form  of  the  method  were  compared  with 
the  results  of  F.L.  Young's  experiments  at  a  Mach  number  of  about  5  and  various 
conditions  of  heat  transfer  for  smooth  and  rough  surfaces  in  zero  pressure  gradient. 
Reference  5.26.  Here  the  roughnesses  took  the  form  of  regular  transverse  ridges  of 
triangular  section  and  a  range  of  roughness  height  were  tested.  Some  of  the  comparisons 
are  shown  in  Figure  5.17  and  5.18  for  the  displacement  and  momentum  thicknesses,  the 
'incompressible'  form  factor  H^,  the  skin  friction  coefficient  and  Reynolds  analogy 
factor  as  functions  of  the  ratio  of  wall  temperature  to  ambient  temperature.  Although 
the  agreement  between  predictions  and  experiment  is  far  from  perfect  it  is  fairly 
satisfactory  bearing  in  mind  the  experimental  difficulties  as  well  as  the  usual  level  of 
agreement  found  for  smooth  surfaces  for  such  Mach  numbers  between  existing  theories  and 
experiment.  However,  the  integral  method  gave  predictions  that  were  not  significantly 
worse  (see  Figure  5,19). 

It  seems  reasonable  to  conclude  from  these  comparisons  that  of  the  differential 
methods  considered  the  relative  simplicity  and  general  reliability  of  the  mixing  length 
method  makes  it  the  most  readily  commendable  for  predicting  the  effects  of  distributed 
roughness  on  boundary  layer  characteristics.  The  even  greater  simplicity  and  comparable 
reliability  of  the  integral  method  makes  it  the  preferred  one  for  the  many  engineering 
applications  where  only  integral  quantities  are  needed. 
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Figure  5. 13  Comparisons  of  Predictions  and  Experimental  Results  for 
Rough  Surface  in  Zero  Pressure  Gradient  (Blanchard) 
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Figure  5, 15  Comparison  of  Predictions  of  Integral  and  Mixing  Langth  Methods  with  Experimental 
Results  for  Flat  Plate  in  Zero  Pressure  Gradient  (Blanchord) 
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Figure  5. 18  Comparisons  of  Predictions  of  Mixing  Length  Method  with  Experimental  Results 
of  F.L.  Young  for  Compressible  Flow  with  Heat  Transfer  (Zero  Pressure 
Gradient,  M^  *  4.93)  (Blanchard) 
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Figure  5. 19  Comparisons  of  Predictions  of  Integral  and  Mixing  Length  Methods  with  Experimental 
Results  of  F.L.  Young  for  Adiabatic  Wall  (Zero  Pressure  Gradient)  (Blanchard) 
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6.  DRAG  OF  AUXILIARY  INLETS  AND  OUTLETS 
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6.1  Introduction 

A  significant  source  of  drag  for  contemporary  aircraft  is  tne  influx  and  efflux  of 
air,  intentional  and  unintentional,  through  orifices  other  than  those  used  for  the 
propulsion  system.  Auxiliary  air  systems  are  used  for  cooling  people,  equipment,  and 
oiir  and  to  provide  air  for  combustion  to  auxiliary  power  units.  Most  of  this 
auxiliary  air  flow  is  controlled,  but  a  small  percentage  flows  through  leaks.  For  that 
portion  which  is  controlled  the  designer  has  many  options  in  configuring  both  external 
and  internal  geometry  to  minimize  drag. 

A  flight  line  survey  of  12  contemporary  aircraft  revealed  that  auxiliary  inlet  and 
outlet  designs  provide  more  opportunity  for  exercise  of  individual  "design  license"  than 
periiaps  any  other  part,  of  the  aircraft.  A  total  of  22  inlets  and  42  outlets  were  found 
on  these  aircraft  -  and  no  two  configurations  were  exactly  alike.  Nevertheless,  there 
are  some  general  classifications  into  which  these  auxiliary  inlet  and  outlets  may  be 
placed,  ana  drag  data  are  available  to  at  least  guide  the  designer  if  his  geometry 
approximates  some  standard  in  these  various  classif ications .  Figures  6.1  and  6.2 
illustrate  the  many  auxiliary  inlet  and  outlet,  designs  observed  and  show  the  general 
classifications  into  which  they  will  be  grouped  for  discussion. 


Figure  6.1  Auxiliary  Inlets  Observed  in  12-Airplane  Sample 
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Figure  6.2  Auxiliary  Outlets  Observed  in  12-Airplane  Sample 


In  general,  auxiliary  air  system  tlow  requirements  vary  considerably  over  the  aircraft's 
operating  environment.  One  of  the  simplest  examples  is  that  of  an  air  intake  and 
exhaust  system  for  cooling  the  cabin  of  a  light  aircraft.  At  low  altitudes,  low  speeds, 
and  in  warm  weather,  the  system  is  operated  at  maximum  capacity;  but  a  change  in 
altitude,  speed,  or  weather  can  completely  eliminate  the  need  for  such  a  system  and 
r  mehow  it  must  be  shut  off.  Therefore,  most  auxiliary  airflow  systems  operate,  in  one 
way  or  another,  with  variable  geometry.  This  variable  geometry  may  be  part  of  the  inlet 
or  outlet  hardware,  or  it  may  result  from  a  change  in  internal  resistance.  In  any  case, 
this  variable  feature  of  auxiliary  air  systems  further  complicates  the  generalization  of 
drag  data  for  such  systems. 

In  this  section,  we  shall  deal  primarily  with  external  drag  associated  with 
auxiliary  inlets, 
auxiliary  outlets,  and 
uncontrolled  leakage. 

Internal  flow  momentum  losses  have  been  treated  in  a  number  of  works  and  are  not 
considered  within  the  scope  of  this  text.  However,  in  designing  auxiliary  inlets  and 
outlets  for  minimum  drag,  several  points  should  be  recognized.  First,  the  total  drag  of 
an  auxiliary  air  system  is  made  up  of  two  basic  parts  -  external  drag  and  internal  drag. 
Every  bit  of  momentum  extracted  from  the  air  flowing  past  a  vehicle  results  in  drag 
whether  that  momentum  is  extracted  by  the  air's  flowing  around  a  protuberance  or  from 
the  air's  doing  work  inside  a  cooling  system.  Taking  aboard  more  air  than  is  needed  in 
cruise  flight  will  probably  increase  vehicle  drag  even  if  the  inlet  drag,  for  instance, 
is  negligible.  The  designer  therefore  needs  to  give  careful  consideration  to  the  total 
auxiliary  air  system  to  minimize  aircraft  drag. 
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6.2  Auxiliary  Inlets 

Figure  6.1  shows  the  many  types  of  auxiliary  inlets  observed  on  just  a  dozen 
contemporary  aircraft.  For  the  purpose  of  classification  these  inlets  are  divided  into 
the  following  categories. 

Submerged  inlet  -  A  submerged  inlet  is  defined  as  one  with  special  contours  on  the 
ramps,  side  walls,  or  lips  but  with  none  of  these  special  contours  protruding  into  the 
mainstream.  An  exception  is  the  submerged  inlet  with  boundary  layer  diverters  which  do 
extend  above  the  aircraft  surface. 

Flush  inlet  -  a  flush  inlet  is  generally  a  hole  in  the  aircraft  surface  with  little 
attempt  made  to  guide  flow  into  the  hole  other  than  corner  rounding.  These  inlets  on 
wing  leading  edges  and  other  high  pressure  regions  van  be  quite  effective. 

Protruding  inlet  -  As  the  name  implies,  a  protruding  inlet  extends  from  the 
aircraft  surface  into  the  mainstream  and  thus  enjoys  the  advantage  and/or  disadvantage 
of  exposure  to  full  impact  pressure. 

Performance  characteristics  of  these  inlets  are  discussed  in  the  following  section. 
The  net  drag  of  an  inlet  depends  on  a  combination  of  external  and  internal  drag,  so  that 
inlet  pressure  recovery  is  an  important  aspect  of  drag.  This  is  often  taken  into 
account  through  the  use  of  CDcoi.r  a  drag  coefficient  which  is  obtained  from: 

Measured  Drag  minus  available  thrust  of  inducted  air 
divided  by  inlet  area  and  local  dynamic  pressure 

There  are  many  reports  providing  data  on  auxiliary  inlets.  Unfortunately  the 
investigations  reported  covered  a  wide  range  of  configuration  and  test  condition 
variables  so  that  it  is  difficult  to  arrive  at  general  conclusions  concerning  the  "best" 
inlet  type.  Reference  6.1  is  one  of  the  better  sources  of  comparison  data  since  both 
drag  and  pressure  recovery  were  measured  for  all  three  general  classes  (protruding, 
flush,  and  submerged)  of  inlets.  All  of  the  lip  contours  had  sharp  edges  however,  so 
they  do  not  necessarily  represent  optimized  configurations  for  subsonic  flow. 
Therefore,  some  of  the  conclusions  which  may  be  drawn  in  comparing  inlet  types  might  be 
changed  if  different  lip  shapes  were  used. 

Figure  6.3  shows  data  from  Reference  6.1  comparing  cDcorr  for  s  parallel  wall  flush 
inlet,  a  curved  diverging  wall  submerged  inlet,  and  an  aspect  ratio  4  scoop  inlet. 

For  this  comparison  the  best  inlet  in  each  of  the  three  categories  was  chosen. 
(This  results  in  comparison  of  an  aspect  ratio  of  1  for  the  flush  inlets  with  aspect 
ratios  of  4  for  the  submerged  and  scoop  inlets.)  In  the  mid-range  of  mass  flow  ratios 
there  is  not  much  difference  in  performance  of  the  three  inlets  except  at  M  =  0.55  where 
the  scoop  inlet  had  a  higher  drag  than  the  other  two.  This  resulted  from  the  fact  that 
while  the  scoop  had  higher  external  drag  than  the  flush  inlets  it  did  not  attain  higher 
internal  pressure  recoveries. 

It  would  be  difficult  from  Figure  6.3  to  say  that  any  one  of  the  inlet  types  shown 
is  universally  better  than  the  others.  Choice  of  inlet  type  must  be  based  on  specific 
application.  More  detail  on  the  several  inlet  types  is  given  in  the  following  sections. 
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Figure  6,3  Comparison  of  C„  for  Three  Inlet  Types  at  Subsonic  and  Transonic  Speeds  (Reference  6,1) 


6.2.1  Protruding  Inlets 

Protruding  or  scoop  inlets  are  widely  used  on  contemporary  aircraft,  Figure  6.1 
shows  that  more  scoop  inlets  were  found  in  the  12-aircraft  sample  than  any  other  type. 
Scoop  inlets  are  characterized  by  high  pressure  recovery  and  sometimes  by  high  drag. 
Drag  can  be  minimized  however  by: 

o  contouring  the  forebody  to  conform  to  good  nacelle  design  practice, 
o  using  rounded  inlet  lips  (for  subsonic  speeds),  and 

o  fairing  the  downstream  side  of  the  scoop  with  a  good  afterbody  shape 

c 

Figure  6.4  shows  zero-flow  drag,  D0,  based  on  inlet  area  and  free-stream  dynamic 
pressure,  for  two  scoop  geometries  over  a  range  of  Mach  numbers.  The  two-dimensional 
aspect  ratio  4  scoop  has  less  than  1/2  the  drag  of  a  circular  scoop. 

Contouring  the  forebody  was  shown  in  Reference  6.2  to  reduce  zero  flow  drag  for  a 
semi-circular  scoop  by  50  percent  at  subsonic  speeds.  Details  are  shown  in  Figure  6.5. 


With  inlet  lip  contouring  and  afterbody  fairing  it  is  estimated  that  zero  flow  drag 

c 

could  be  further  reduced  to  Dq  values  ranging  from  0.1  to  0.2. 
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Figure  6.5  Effects  on  Drag  of  Contouring  a  Scoop  Forebody  (Reference  6.2) 


In  areas  where  the  aircraft  boundary  layer  is  thick,  inlet  flow  and  pressure 
recovery  may  be  significantly  impaired  unless  steps  are  taken  to  move  the  inlet  out  of 
the  boundary  layer.  Usually  this  is  done  for  scoops  by  mounting  the  inlet  on  what 
amounts  to  a  short  pylon.  This  mounting  however  results  in  a  significant  drag  increase, 
at  the  least  proportional  to  the  frontal  area  increase  of  the  installation. 

To  this  point  all  of  the  data  and  comments  presented  have  concerned  inlet  drag  for 
the  zero-flow  condition.  Increasing  inlet  flow  ratio  reduces  external  drag 
significantly.  This  can  be  seen  by  the  curves  of  Figure  8.6  where  cDcorr  is  plotted  as 
a  function  of  mass  flow  ratio.  CDC0,.r  is  determined  from  the  net  drag  less  the  momentum 
of  the  internal  flow  captured  by  the  inlet.  The  actual  drag  experienced  will  of  course 
depend  on  what  happens  to  the  internal  flow  -  how  efficiently  it  is  diffused  so  that 
dynamic  pressure  is  converted  to  static  pressure.  Nevertheless  cDcorj-  is  a  good  overall 
measure  of  inlet  performance  since  it  considers  both  external  drag  and  pressure  losses 
to  the  inlet  measuring  station. 
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6,2.2  Submerged  Inlets 

Submerged  inlets  can  be  subdivided,  according  to  wall  shape,  Into  the  categories  - 
parallel  walls,  diverging  walls,  and  carved  diverging  walls.  In  addition,  various 
boundary  layer  control  devices  -  bypasses  and  diverters  -  are  sometimes  used.  Dynamic 
pressure  recovery,  which  is  a  significant  internal  drag  consideration,  is  shown  for 
these  three  types  of  submerged  inlets  in  Figure  6.7.  The  advantage  of  diverging  the 
walls  can  be  easily  seen  in  Figure  6.7  and  the  advantage  of  adding  curvature  to  the 
divergence  is  also  obvious.  The  divergence  tends  to  part  the  boundary  layer  and  turn 
more  of  the  higher  momentum  freestream  air  into  tne  inlet  than  can  be  aone  with  parallel 
walls . 


Net  inlet  drag  will  be  a  combination  of  internal  anr  external  drag  but  sometimes  it 
is  helpful  to  separate  these  elements.  A  measure  of  external  drag  is  the  zero  flow  drag 

as  shown  in  Figure  6.8.  This  figure  shows  external  drag  to  be  lower  for  parallel  walls 
than  for  diverging  walls  -  a  fact  which  tends  to  offset  the  pressure  recovery  advantage 
of  the  curved  diverging  wall  inlet.  Fiqure  6.8  also  shows  however  that  approach  ramp 
angle  h»  a  greater  impact  on  zero  flow  drag  than  wall  contour.  The  7°  approach  ramp 
causes  the  freestream  flow  to  turn  into  the  inlet  with  the  result  that  drag  is  in¬ 
creased  . 

A  comparison  of  curved  diverging  wall  and  parallel  wall  submerged  inlets  in  the 
torn,  of  CUcorr  is  shown  in  Figure  6.9.  At  M  =  0.55  and  M  -  1.3  the  curved  diverging 
wall  inlet  is  geuerslly  better  than  the  parallel  wall  inlet,  but  there  may  be  an 
advantage  for  the  parallel  wall  inlet  in  the  transonic  (M  «  .9)  range. 
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Figure  6.9  Effect  of  Submerged  Inlet  Wall  Shape  on  Drag  (Reference  6.1) 

inlet  inclination  angle  has  a  large  effect  on  submerged  inlet  drag.  This  is  shown 
for  parallel  wall  inlets  of  aspect  ratio  4  in  Figure  6.10,  Most  of  the  large  effect 
shown  can  probably  be  attributed  to  the  boundary  layer's  inability  to  negotiate  turns 
yreacer  cnan  auuut  lo  .  Tnus  tne  inlet  pressure  recovery  tans  oft  drastically  as  the 
inclination  angle,  0  ,  is  increased.  By  the  same  token,  boundary  layer  separation  at 
zero  inlet  flow  causes  CDcoLr  to  be  quite  low  at  values  of  6  greater  than  45°,  since  the 
freestream  flow  feels  little  inclination  to  turn  into  the  inlet  cavity.  An  auxiliary 
air  system  with  large  flow  demand  under  static  conditions  and  zero  or  small  demand  at 
cruise  might  well  use  a  submerged  or  flush  inlet  with  large  inclination  angle.  Inlet 
ramp  angle  is  an  important  parameter  ar.d  from  experimental  data  should  not  exceed  10°  as 
indicated  by  Reference  6.13. 

Whenever  the  boundary  layer  thickness  dimension  is  significant  relative  to  inlet 
height  or  depth,  the  effect  of  boundary  layer  on  inlet  drag  and  performance  should  be 
considered.  For  a  protruding  inlet  the  impact  on  external  drag  will  generally  be 
through  a  reduction  in  the  effective  dynamic  pressure  used  to  compute  drag,  and  the  im¬ 
pact  on  internal  drag  will  be  through  a  reduction  in  total  pressure  recovery  because  the 
boundary  layer  entering  the  inlet  has  less  momentum  than  freestream  air.  For  a  sub- 
mercied  inlet  a  thick  approaching  boundary  layer  may  separate  from  the  inlet  ramp  at 
angles  which  a  thinner  boundary  layer  might  easily  tolerate  -  thus  compounding  the 
boundary  3  aye.'  effect. 


144 


tor  situations  where  buunuaiy  layer  separation  is  not  a  factor,  charts  of  boundary 
layer  mass  and  momentum  are  available  (Reference  6.3  for  instance)  to  expedite  pre¬ 
diction  of  boundary  layer  effects. 

Experimental  data  on  boundary  layer  effects  on  submerged  inlet  performance  are 
limited.  Some  are  shown  however  in  Figure  6,11  where  the  effect  of  boundary  layer 
thickness  on  pressure  recovery  has  been  plotted  for  a  submerged  inlet  with  curved 
diverging  walls.  At  high  inlet  velocity  ratios,  the  already  low  pressure  recovery  is 
severely  impaired  by  a  doubling  of  boundary  layer  thickness  while  at  Vr /V^  =  i),4 
doubling  the  boundary  layer  thickness  reduces  pressure  recovery  about  36  percent. 

Boundary  layer  deflectors  which  extend  above  the  surface  along  the  edges  of  the 
submerged  inlet  v'alls  can  reduce  pressure  losses  due  to  boundary  layer.  This  is  shown 
by  the  broken  line  curve  in  Figure  6.11  which  shows,  at  V,  /v  =  0.4,  an  increase  in 
pressure  recovery  of  10-15  percent  through  the  use  of  deflectors.  Although  drag  was  not 
measured  in  the  investigation  from  which  these  data  were  obtained,  it  should  be  expected 
that  the  increase  in  pressure  recovery  will  be  accompanied  by  an  increase  in  external 
drag,  so  the  net  gain  or  loss  in  CDcorr  is  not  known. 
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Figure  6,11  Effect  of  Bound  my  layer  Thickness  or-  Submerged  Inle;  Pressure  Recovery  (Reference  6.7) 


6.2.3  F lush  Inlets 


Flush  inlets  if  used  for  in-flight  air  induction  mast  be  located  in  regions  of 
high  static  pressure  since  these  inlets  employ  no  ramps  or  other  special  air  turning 
devices.  They  are  sometimes  used  however  to  supply  air  to  systems  which  operate  only  on 
the  ground.  In  this  case  the  concern  from  a  drag  standpoint  is  that  the  inlet  hole  be 
closed  in  flight,  or  that  flow  be  completely  stopped  and  the  inlet  opening  be  of  such 
size  and  shape  that  drag  is  negligible. 

Reference  6.4  shows  that  in  the  subsonic  and  transonic  range  the  no-flow  drag 
coefficient  for  sharp-edged  90°  flush  openings  of  aspect  ratio  4  is  about  CD  -  0.03. 
Figure  6,12  from  Reference  6.5  shows  the  effect  of  aspect  ratio,  w/d ,  on  flush  opening 
drag  at  M  =  3.25.  The  drag  coefficients  vary  from  .015  to  .03  in  the  range  of  moderate 
aspect  ratios.  Here  CD  is  the  drag  increase  due  to  the  inlet  divided  by  free  stream 
dynamic  pressure  and  inlet  area. 


Figure  6.12  Drog  of  Flush  Recrangulcr  Openings  at  M  -  3.25.  Zero-Flow  Conditions  (Reference  6.5) 
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For  those  applications  where  flush  inlets  are  located  in  regions  of  high  static 
pressure  -  on  the  leading  edge  of  wings,  for  instance  -  inlet  design  should  follow  the 
guidelines  established  for  nacelles  and  primary  air  induction  systems.  It  is  possible 
to  optimize  such  inlets  for  essentially  zero  drag  in  cruise.  The  reader  is  referred  to 
such  standard  guidelines  as  Reference  0.6. 

6,3  Auxiliary  outlets 

Auxiliary  air  exhausted  into  the  mainstream  can  produce  drag  or  thrust.  It  can 
also  interact  with  the  boundary  layer  or  other  parts  of  the  aircraft  so  that  its  effects 
are  magnified.  Normally,  the  outlet  air  is  exhausted  aft  and  the  drag  is 


D  =  -T  =  -m  V  cor  r 
e  e 


6(1) 


and  for  incompressible  flow,  the  outlet  drag  coefficient  based  on  exit  area 


CD  =  -2 


cos 


6(2) 


where  0  is  tne  angle  of  the  exhaust  flow  relative  to  the  f reestream .  If  the  exhaust 
flow  were  directed  forward,  there  would  be  an  equal  amount  of  positive  drag.  If  it  were 
exhausted  normal  to  the  f.reestream,  there  would  be  ideally  no  drag  or  thrust. 

Boundary  layer  and  other  interactions  can  be  favorable  or  unfavorable.  In  some 
cases  outlet  flow  may  cause  the  boundary  layer  to  separate,  while  in  other  cases  the 
boundary  layer  may  be  energized  by  the  outlet  flow  for  a  significant  drag  reduction.  The 
designer  should  take  all  these  factors  into  consideration  when  assessing  outlet  drag. 

As  was  the  case  for  inlets,  auxiliary  outlets  can  also  be  divided  into  the  general 
categories  of  protruding,  flush,  and  submerged  outlets.  When  liquids  (fuel,  etc.)  are 
to  be  discharged  into  an  airstream,  there  is  generally  the  requirement  that  the  liquid 
should  not  wet  the  adjacent  surfaces.  This  requirement  demands  special  treatment  so 
that  vents  and  drains  will  be  considered  herein  as  a  separate  category  of  protruding 
outlets . 

6.3.1  Protruding  Outlets 

Protruding  outlets  can  be  designed  to  generate  low  pressures  and  thus  enhance 
outlet  flow.  They  also  are  generally  designee  .o  direct  the  discharge  downstream  and 
thus  generate  thrust.  In  designing  a  protruding  outlet,  the  following  variables  are 
important. 

1.  Area  of  the  outlet  (which  together  with  the  weight  flow,  w£_,  specifies  the  flow 
ratio  we/(P0  VQ  Ag) ,  where  the  subscript  e  denotes  exit  conditions. 

2.  Aspect  ratio  of  the  outlet,  A„. 

r 

Flap  angle,  5^,  or  some  other  measure  of  the  protrusion. 
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Reference  6.8  reports  an  extensive  experimental  investigation  for  a  range  of 
flapped  outlet  variables.  While  it  is  a  good  source  of  specific  and  detailed  design 
information,  it  can  be  used  also  for  some  general  observation  and  conclusions.  Figure 
6,13  shows  the  configuration  tested  and  defines  some  of  the  geometric  variables. 
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Figure  6,13  Flapped  Outlet  Test  Geometry  (Reference  6  .8) 


Figure  6.14  shows  the  drag  of  flapped  outlets  as  a  function  of  flap  angle  for  zero 
outflow.  In  this  case  the  drag  coefficient  is  essentially  the  base  pressure 
coefficient.  It  can  be  seen  that  drag  is  much  lower  for  Ap  =  2  than  for  Ap  =  l  outlets. 
Conversely,  however,  the  higher  drag  of  the  Ap  =  1  outlets  is  accompanied  by  better 
discharge  coefficients  since  the  flap  suction  is  higher. 


ZERO  OUTLET  FLOW 


Figure  6,14  Drag  of  Flapped  Outlets  -  Zero  Outlet  Flow  (Reference  6.8) 


The  airflow  required  for  zero  drag  is  shown  in  Figure  6.15  as  a  function  of  flap 
angle.  Here  again,  the  Ap  =  2  flaps  show  in  a  better  light  since  mass  flow  con  be 
reduced  to  values  about  half  those  for  Ap  =  1  before  drag  is  experienced.  in  a 
situation  favoring  fixed  flap  angles,  these  data  show  that  an  aspect  ratio  greater  than 


1  is  desirable. 
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Figure  6.15  Mass  Flow  for  Zero  Drag  -  Flapped  Outlets  (Reference  6.8) 


The  data  in  Figure  6.16  show  the  apparent  thrust  (measured  thrust  minus  zero-flow 
thrust)  coefficient  for  A.,  =  1  flaps.  Also  shown  is  the  ideal  thrust  of  the  outlet  air 

r 


Two  things  are  significant  about  the  curves  of  Figure  6.16.  First  it  can  be  seen 
that6F  has  a  second  order  effect  only.  As  a  first  approximation  it  can  be  assumed  that 
all  of  the  outlet  thrust  is  recovered  -  not  just  the  horizontal  (or  cosine  5  p) 
component.  Such  an  assumption  could  result  in  a  maximum  error  in  thrust  coefficient  of 
about  30  percent  at  M  =  0.4  and  much  smaller  errors  at  high  speed.  Secondly,  the 
calculated  or  ideal  thrust  matches  well  the  measured  values  at  significant  levels  of 
A  C  These  observations  lead  to  the  conclusion  that  for  flap  angles  up  to  30°j  the 
thrust  for  a  flapped  outlet  is  equal  to  the  zero  flow  thrust  (or  drag)  plus  the  ideal 

outlet  flow  thrust.  Thus  a  reasonable  approximation  of  the  thrust  or  drag  of  a  flapped 
outlet  can  be  obtained  by  adding  the  thrust  of  the  outlet  flow  to  the  drag  for  the  zero 
flow  condition  which  can  be  obtained  from  Figure  6.14. 

6.3.2  Flush  Outlets 

Flush  outlets  with  zero  outflow  usually  have  zero  drag.  Exceptions  arise  for  some 
peculiar  shapes  and  at  transonic  and  supersonic  Mach  numbers.  A  long  narrow  flush 
outlet  with  its  major  axis  alined  with  the  flow  will  have  positive  drag  at  subsonic 
speeds.  In  Figure  6.17  data  at  Mach  3.25  (Reference  6.5)  showed  all  flush  outlets  to 
have  positive  drag  at  this  Mach  number.  Drag  coefficients  ranged  from  about  0.015  at 
moderate  aspect  ratios  (0.5  to  2.0)  up  to  several  times  that  value  at  lower  and  higher 
aspect  ratios. 

When  flow  is  added  to  a  flush  outlet  a  thrust  is  obtained  unless  the  flow  is 
directed  upstream.  Flush  outlets  can  be  divided  into  two  classes  -  ducted  outlets  and 
thin  plate  outlets  -  and  the  drag  or  thrust  characteristics  are  different  for  each 
class.  Typical  configurations  for  the  two  classes  are  shown  in  Figure  6.18.  For  ducted 
outlets  the  orientation  of  the  duct  sets  the  outlet  inclination  angle  (3  while  in  thin 


plate  outlets  the  initial  direction  of  the  outlet  jet  is  perpendicular  to  the 
mainstream.  Nevertheless,  there  may  be  some  thrust  obtained  from  the  thin  plate  outlets 
if  the  aspect  ratio  is  in  the  range  from  about  1  to  4 , 

For  ducted  outlets  with  0  <  30°  the  thrust  obtained  is,  to  a  first  approximation, 
equivalent  to  the  jet  thrust.  At  higher  inclination  angles  thrust  will  generally  be 
greater  than  T  cos  0  out  less  than  T.  This  can  be  seen  in  Figures  6.19(a)  and  6.19(b) 
where  thrust  coefficients  for  round  ducted  outlets  at  two  values  of  p  are  shown. 

Thrust  coefficient  decreases  with  increasing  Mach  number  as  shown  in  Figui.es 
6.20(a)  and  6.20(b) . 
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Figure  6.16  Comparisons  of  Apparent  Thrust  Produced  by  Flopped  Outlets  with  Idoal  Values, 
A.  =  1;  x/r,=  0  (Reference  6.8) 


rf 

I 

,£ 

1 


ASPECT  RATIO 


Figure  6.17  Thrust  Coefficient  .at  No  Flow  for  Thin-Piatc 
Outlets,  M  =  3 .25  (Reference  6 .5) 
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Figure  6,16  Typical  Flush  Curio.  Geometries 
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Figure  6.20  Variation  of  Thrust  Coefficient  with  Mach  Number  (Reference  6.5) 


6.3.3  Recessed  Outlets 


Recessed  outlets  ace  characterized  by  a  downstream  ramp  which  is  recessed  beiuw  the 
aircraft  surface.  At  zero  outlet  flow  recessed  outlets  will  generate  a  negative  base 
pressure  and  consequently  a  positive  drag.  They  are,  like  protruding  outlets,  useful 
when  needed  to  aspirate  a  cavity  since  the  freestream  air  moving  past  a  recessed  outlet 
will  entrain  and  help  to  pump  the  outlet  flow.  Outlet  pressure  coefficients  for  several 
recessed  outlets  at  zero  flow  are  shown  in  Figure  6.21.  These  coefficients  are 
essentially  equal  to  the  no-flow  drag  coefficients. 

If  a  recessed  outlet  is  designed  with  a  good  radius  on  the  downstream  ramp 
approach,  the  outflow  should  exhaust  at  a  small  angle  relative  to  the  freestream  and  all 
of  the  exhaust  momentum  should  be  recovered  as  thrust. 

6.3.4  Drains 


As  indicated  earlier  liquid  drains  on  aircraft  fit  into  a  special  class  of  outlets. 
In  normal  flight  little  outflow  is  expected,  and  in  cases  where  there  is  outflow,  drag 
is  generally  not  a  critical  consideration.  An  important  criterion  for  drains  is 
generally  that  the  fluid  drained  should  not  wet  or  stain  the  adjacent  surface,  and  this 
usually  requires  that  the  drain  protrude  into  the  freestream  flow. 
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Figure  6.21  Vent  Pressures  (Reference  6.4)  for  Recessed  Outlets 


Reference  6.9  reports  an  extensive  investigation  on  the  ability  of  various  drain 
configurations  to  discharge  fluid  into  an  airstreara  without  surface  staining.  Circular 
and  elliptic  drains  extending  normal  to  the  surface  always  resulted  in  staining.,  hut  the 
staining  was  usually  eliminated  by  sweeping  the  drain  60°.  Airfoil-shaped  drains  -  both 
swept  and  unswept  -  were  successful  in  preventing  staining. 

Drag  coefficients  for  the  drains  investigated  in  Reference  6.9  are  shown  in  Figure 
6.22.  Elliptical  cross  sections  had  less  drag  than  circular;  swept  drains  had  less  drag 
than  unswept;  and  airfoil  shaped  drains  had  the  lowest  drag.  As  would  be  expected,  drag 
with,  liquid  discharge  was  always  lower  than  with  no  discharge.  External  drag  for  the 
airfoil-shaped  drains  was  low  enough  so  that  flow  discharge  produced  negative  drag. 

6.4  Leakage  Drag 

Leakage  drag  in  modern  day  aircraft  is  significant  primarily  because  passenger  (and 
often  times  cargo)  compartments  are  pressurized  to  maintain  tolerable  pressure 
altitudes.  As  a  result,  most  contemporary  high  speed  aircraft  normally  operate  with 
internal  to  external  pressure  differentials  of  about  8  psia  and  small  manufacturing 
defects  can  result  in  significant  leakage. 

Leakage  drag  also  occurs,  in  a  slightly  different  form,  on  less  sophisticated 
aircraft  which  normally  operate  without  cabin  pressurization.  In  this  case  some 
pressurization  may  occur  when  flow  leaks  into  the  aircraft  in  a  high  pressure  region  and 
leaks  out  of  the  aircraft  in  a  low  pressure  region.  If  the  leaks  are  flush  with  the 
surface,  all  the  drag  results  from  internal  flow  momentum  losses  unless  the  leakage  so 
affects  the  boundary  layer  as  to  cause  a  significant  change  in  flow  pattern. 

For  conservatism  it  is  generally  assumed  that  leaks  exhaust  in  a  direction  normal 
to  tne  freestream  so  that  all  the  momentum  is  lost,  but  in  some  cases  the  aircraft 
structure  can  be  tailored  so  that  leaks  exhaust  aft  and  some  momentum  is  recovered. 


Figure  6,22  Drag  of  Drains  (Reference  6.9) 


6.4.1  Leakage  Drag  -  Non-Pressur ized  Aircraft. 

As  mentioned  earlier,  external  drag  due  to  leaks  can  generally  be  neglected  since 
the  leakage  inlets  and  outlets  are  flush  with  the  surface.  In  this  kind  of  leakage 
system  air  flows  from  the  inlet  through  a  duct  of  some  kind  thence  to  the  outlet.  The 
duct  may  be  an  open  bay  in  the  nacelle  or  fuselage  structure  for  instance.  Hoerner 
(Reference  6.10)  detines  a  drag  coefficient  for  this  kind  of  system  in  terms  of  an 
effective  duct  cross  sectional  area  A0  in  which  there  is  an  average  velocity  w.  The 
drag  coefficient  based  on  AQ  is  then 

Cp  =2  -y-  (where  V  is  freestream  velocity).  6(4) 

a  max 

=  D/qoAu 

This  is  an  incompressible  flow  approximation  but  is  probably  valid  tor  those 
aircraft  where  this  kind  of  leakage  is  significant. 
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Patterson  (Reference  6.11)  has  a  more  detailed  treatment  cf  this  kind  of  leakage 
drag  which  fakes  into  account:  whether  the  skirt  joints  which  leak  are  forward  facing, 
flush,  or  rearward  facing. 

6,4.2  Leakage  Drag  -  Pressurized  Aircraft. 

For  those  aircraft  with  pressurized  compartments,  manufacturing  tolerances  are 
usually  tight  and  leakage  areas  are  small.  Nevertheless  subsonic  aircraft  leakage  drag 
may  approach  about  1  percent  of  total  drag.  Gyorgyfalvy  (Reference  6.12)  reports 
results  from  flight  tests  of  a  Boeing  72C  aircraft  in  which  fuselage  boundary  layer 
measurements  were  used  to  determine  drag  with  the  passenger  cabin  pressurized  and 
unpre3sur ized .  He  concluded  that  some  additional  drag  resulted  from  fuselage  bulging 
and  the  effects  on  skin  friction,  but  that  most  of  the  1-1/4  percent  drag  increase 
resulted  from  leakage. 

Figure  6.23  shows  a  plot  of  leakage  area  as  a  function  of  pressurized  volume  for  a 
representative  group  o£  modern  subsonic  aircraft.  These  leakage  areas  were  derived 
indirectly  from  measurements  of  mass  flow  required  to  pressurise  the  aircraft.  The  data 
represent  three  passenger  and  three  cargo  aircraft. 
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Figure  6  .23  Leakoge  Areas  for  Modern  Pressurized  Aircraft 


Leakage  drag  can  be  estimated  from  the  data  of  Figure  6.23  when  pressure 
differentials  are  obtained  by  specifying  cruise  altitude  and  cabin  altitude.  If  it  is 
assumed  that  all  of  the  momentum  of  the  resulting  leakage  air  is  lost,  the  data  of 
Figure  6.23  will  generally  not  yield  drag  levels  as  high  as  those  reported  by 
Gyorgyfalvy.  This  implies  that  the  impact  of  leakage  on  boundary  layer  flow  over  the 
aircraft  surface  is  greater  than  the  leakage  air  momentum  loss  effecc. 

Another  word  of  caution  is  in  order,  in  determining  drag  for  large  complex 
aircraft,  bookkeeping  i.s  important.  If  cabin  pressurization  air  is  taken  from  engine 
bleed,  the  airplane's  performance  may  already  have-  been  charged  with  lost  momentum  of 
this  air  v  iich  comes  through  the  main  propulsion  system.  In  this  event  the  only  drag 
attributable  to  leakage  will  be-  that  duo  to  the  effects  of  leakage  on  the  boundary  layer 
flow.  If  tliis  effect  should  be  favorable  or  if  the  leaks  are  such  as  to  direct  the  air 
aft,  the  leakage  momentum  could  actually  result  in  a  drag  decrease. 
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6.5  Supplementary  Information 

The  following  list  provides  additional  sources  of  information  concerning  the 
performance  of  auxiliary  and  specific  designed  inlets.  However  the  sources  provide  no 
additional  drag  information. 

Dennard,  J.  S.,  "A  Transonic  Investigation  of  the  Mass-Flow  and  Pressure  Recovery 
Characteristics  of  Several  Types  of  Auxiliary  Air  Inlets,"  NACA  RM  L57B07,  1957, 

Frank,  J.  L.,  "Pressure  Distribution  arid  Ram-Recovery  Characteristics  of  NACA  Submerged  | 

Inlets  at  High  Subsonic  Speeds,"  NACA  No.  RM  A50E02,  1950.  3 

Axelson,  J.  A.,  Taylor,  R.A.,  "Preliminary  Investigation  of  the  Transonic  ^ 

Characteristics  of  an  NACA  Submerged  Inlet,"  NACA  No.  RM  A50C13,  1950.  ^ 
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Anderson,  W.  <£.,  Frazer,  A.  C.,  “Investigation  of  an  NACA  Submerged  Inlet  at  Mach 
Numbers  from  1.17  to  1.99“  NACA  RM  No.  AE2F17,  1952. 

Simon,  P.  C.,  "Internal  Performance  of  a  Series  of  Circular  Auxiliary  Air  Inlets 
Immersed  In  A  Turbulent  Boundary  Layer,  Mach  Number  Range  1.5  to  2.0  NACA  RM  E54L03, 
1955. 


Sacks,  A.  H.,  Spreiter,  J.  R.,  "Theoretical  Investigation  of  Submerged  inlets  at  Slow 
Speeds,"  NACA  TN  2323,  1951. 

Weinstein,  M.  I.,  "Performance  of  Supersonic  Scoop  Inlets,"  NACA  RM  E52A22,  1952. 

Boswinkle,  R.  W.,  Mitchell,  M.  H.,  "Experimental  Investigation  of  Internal-Flow 
Cnaracterist res  of  Forward  Underslung  Fuselage  Scoops  with  Unswept  and  Sweptback 
Entrances  at  Mach  Numbers  of  1.41  to  1.96,"  NACA  RM  L52A24,  1952, 

Biackaby,  .1.  R. ,  Watson,'  E.  C.,  "An  Experimental  Investigation  at  Low  Speeds  of  the 
Effect  of  Lip  Shape  on  the  Drag  and  Pressure  Recovery  of  a  Nose  Inlet  in  a  Body  of 
Revolution,"  NACA  TN31.70,  1954. 

Santman,  D.  M,,  "Transonic  Performance  of  a  Mach  2,65  Auxiliary  Flow  Axisymmetric 
Inlet,"  NASA  CR-2747,  1976. 

Dewey,  P.  E.,  "A  Preliminary  Investigation  of  Aerodynamic  Characteristics  of  Small 
Inclined  Air  Outlets  at  Transonic  Mach  Numbers,"  NACA  TN  3442,  1935. 

Dewey,  P.  E.,  Nelson,  W.  J.,  "A  Transonic  Investigation  of  the  Aerodynamic 
Characteristics  of  Plate  and  Bell  Type  Outlets  for  Auxiliary  Air,"  NACA  RM  L52H20,  1952, 


s 


i 


Rogallo,  F.  M.,  "Wind  Tunnel  Investigation  of  Air  Inlet  and  Outlet  Openings  for 
Aircraft,"  NACA  MISC  133. 
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7.  CONCLUDING  REMARKS  AND  SUGGESTIONS  FOR  FUTURE  RESEARCH 


We  have  endeavoured  in  the  foregoing  to  present  to  the  reader  the  current,  'state  of 
the  art'  of  the  subject  of  excrescense  and  aircraft  drag.  We  have  demonstrated  the 
importance  of  the  subject,  and  as  far  as  possible  presented  tne  available  information  in 
a  way  that  is  readily  usable  for  prediction  and  design  purposes.  In  particular,  we  have 
tried  to  make  it  possible  for  designers  to  assess  realistically  the  overall  net  gains 
that  can  result  from  striving  for  cleanness  after  allowance  fee  possible  extra  costs  in 
design  effort  and  weight  that  may  be  involved. 


We  have  found  it  convenient  to  distinguish  between  distributed  roughness,  generally 
of  a  scale  small  in  relation  to  the  boundary  layer  thickness  so  that  the  effects  are 
dominated  by  flow  conditions  close  to  the  surface,  and  discrete  excrescences  where  the 
scale  can  be  much  larger  and  for  which  main  stream  flow  conditions  can  be  dominant.  We 
have  shown  how  existing  methods  of  predicting  the  development  of  turbulent  boundary 
layers  on  smooth  surfaces  can  be  adapted  to  deal  with  both  distributed  and  discrete 
excrescences  and  the  importance  of  the  so-called  magnification  factors  associated  with 
typical  pressure  distributions  over  the  surface. 


It  will  be  evident,  however,  that  a  number  of  important  gaps  remain  in  our 
knowledge  where  the  available  information  is  inadequate  for  our  purpose.  The  situation 
is  reasonably  satisfactory  as  far  as  those  cases  are  concerned  where  two-dimensional 
data  can  be  adapted  with  some  measure  of  confidence  to  provide  the  answers  needed  e.g. 
for  aircraft  of  relatively  large  aspect  ratio  and  small  sweep.  With  increase  of  sweep 
and  reduction  of  aspect  ratio  the  application  of  such  data  becomes  increasingly  un¬ 
certain.  Ou.r  first  need,  therefore,  is  for  systematic  experimental  data  on  the  effects 
of  excrescences  in  three  dimensional  flows,  particularly  flows  involving  large  sweep. 


Our  knowledge  of  the  effects  of  controls  and  control  gaps  as  sources  of  drag  is 
also  deficient  and  more  work  is  needed  on  the  lines  of  that  of  Cook  described  in  Section 
5.4  but  with  sweep  included  as  an  important  parameter. 


Another  major  area  of  uncertainty  due  to  inadequate  basic  data  is  the  effects  of 
excrescences  on  high  lift  configurations.  The  importance  of  these  effects  goes  beyond 
the  question  of  possible  reductions  of  CLroax'  Any  reduction  of  lift  at  a  given  in¬ 
cidence  due  to  exetv scences  will  result  in  a  higher  incidence  being  adopted  in  order  to 
maintain  the  lift  with  a  consequent  drag  increase  additional  to  that  due  directly  to  the 
excrescences.  Here  again  sweep  is  an  xmpottan,  parameter  and  we  should  include  as 
excrescences  slat  and  flap  brackets  and  tracks. 


We  have  found  relatively  little  to  say  about  the  effects  of  excrescences  at 
transonic  speeds  and  nothing  on  their  possible  effects  on  shock  wave-boundary  layer 
interactions.  We  know  that  these  interactions  can  be  crucial  in  determining  the  overall 
performance  of  an  aircraft  flying  at  such  speeds,  and  so  we  must  emphasize  the  need  for 
weii  planned  experiments  on  possible  modifying  effects  due  to  excrescences. 


Finally  we  note  a  paucity  of  information  on  the  effects  of  excrescences  at 
supersonic  speeds,  particularly  where  the  excrescences  are  large  enough  Lo  extend  into 
the  supersonic  region  of  the  boundary  layer  when  they  may  be  expected  to  generate  shock 
waves  additional  to  those  associated  with  a  smooth  surface. 


It  is  our  hope  that  those  responsible  for  planning  experimental  aerodynamic 
research  programs  wilL  take  careful  note  of  these  gaps  in  our  knowledge  and  will  judge 
them  important  enough  to  warrant  a  considerable  effort  directed  at  filling  them. 
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